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RESUM

La incorporacié dels pigments bioactius derivats de plantes, amb elevada capacitat antioxidant
i/o antimicrobiana, t¢ com a finalitat augmentar el seu valor nutricional i/o la seva vida (til,
respectivament. Aquests pigments, sén facilment degradables, per tant caldra protegir-los dins de
sistemes nanoestructurats. Depenent de la seva naturalesa (hidrofilica o lipofilica) i de l'aplicacié
desitjada, les nanoestructures requerides i les estratégies per a la seva estabilitzacio interfacial seran
diferents. L'objectiu principal d'aquesta tesi doctoral va ser dissenyar, preparar i caracteritzar
nanoemulsions i emulsions dobles capaces d'actuar com a sistemes de transport i alliberament de
pigments bioactius liofilics i hidrofilics, respectivament.

En primer lloc, es van preparar nanoemulsions contenint olis essencials (orenga, farigola,
citronole-la o mandarina) com a fase lipidica, Tween 80 com surfactant i pectina en la fase aquosa,
mitjangant microfluiditzacié (5 cicles, 150 MPa). Es va observar que la pectina actuava com
emulsificant fins i tot en abséncia de surfactant i va contribuir positivament a la reduccié de la mida de
particula de les nanoemulsions que contenien citronel-la, suggerint que I'adsorcié de la pectina en la
interfase depenia del tipus d'oli. Aixi mateix, es van obtenir nanoemulsions portadores de curcumina
(0.4% p/p) amb Tween 20, lecitina 0 monopalmitat de sacarosa com a surfactants (0.5-2% p/p) amb
mides de particula inferiors a 400 nm. Les nanoemulsions incloent lecitina (>1% p/p) van resultar
efectives per a la encapsulacio i alliberament controlat de curcumina i es van mantenir estables durant
almenys 3 mesos a temperatura ambient. El fet d'augmentar la concentracié d'oli en emulsions
altament concentrades (fraccioé en volum 0.5, i relaci6 surfactant-oli = 0.1), preparades per ultrasons
(100 micres, 200 s) o microfluiditzacié (2 cicles, 800 bar) no va afectar l'eficiéncia dels sistemes
formats. D'altra banda, es van preparar nanoemulsions a les quals es va incorporar alginat de sodi
microfluiditzat o no, i es va demostrar que la microfluiditzacio provocava el trencament parcial de les
cadenes del biopolimer, permetent una disposicié més homogenia al voltant de les gotes, reduint la
mida de particula, la polidispersitat i la viscositat de les nanoemulsions resultants. Una altra forma
d'estabilitzaci6 de nanoemulsions va ser I'Gs de complexos proteina de sérum (WPI)-pectina de
remolatxa sucrera (SBP), que va mostrar més efectivitat que WPI i SBP per separat enfront de la
maduracio d'Ostwald, retardant el creixement de les gotes durant més temps.

En segon lloc, es van dissenyar emulsions dobles (6-7 um) per transportar clorofilina (pigment
bioactiu hidrofilic) i/o oli essencial de citronella seguint un procediment en dues etapes: (1) formacio
de l'emulsi6 primaria estabilitzada amb 4% p/p PGPR, per homogeneitzacié (11,000 rpm, 5 minuts) i
(1) obtenci¢ de I'emulsié doble estabilitzada amb lecitina (2% p/p) mitjangant homogeneitzacio (5,600
rpm, 2 min) i agitacié magnética (750 rpm, 24h).

Finalment, es van aplicar recobriments comestibles formats a partir de nanoemulsions amb oli
essencial d'orenga com a agent antimicrobia sobre la superficie d'un formatge tallat baix en greix.
Aquells recobriments amb una major concentracio d'oli (2.5% p/p) van ser efectius davant
Staphylococcus aureus i van retardar el creixement de fongs i llevats durant almenys 11 dies respecte
al formatge no recobert.
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RESUMEN

La incorporacién de los pigmentos bioactivos derivados de plantas, con elevada capacidad
antioxidante y/o antimicrobiana, tiene como fin aumentar su valor nutricional y/o su vida util,
respectivamente. Estos pigmentos son facilmente degradables por lo que habra que protegerlos dentro
de sistemas nanoestructurados. Dependiendo de su naturaleza (hidrofilica o lipofilica) y de la
aplicacion deseada, las nanoestructuras requeridas y las estrategias para su estabilizacion interfacial
seran diferentes. El objetivo principal de esta Tesis Doctoral fue disefiar, preparar y caracterizar
nanoemulsiones y emulsiones dobles capaces de actuar como sistemas de transporte y liberacion de
pigmentos bioactivos lipofilicos e hidrofilicos, respectivamente.

En primer lugar, se prepararon nanoemulsiones conteniendo aceites esenciales (orégano,
tomillo, hierba de limén o mandarina) como fase lipidica, Tween 80 como surfactante y pectina en la
fase acuosa, mediante microfluidizacion (5 ciclos, 150 MPa). Se observé que la pectina actuaba como
emulsificante incluso en ausencia de surfactante y contribuy6 positivamente a la reduccién del tamafio
de particula de las nanoemulsiones que contenian citronela, sugiriendo que la adsorcién de la pectina
en la interfase, dependia del tipo de aceite. Del mismo modo, se obtuvieron nanoemulsiones
portadoras de curcumina (0.4% p/p) con Tween 20, lecitina 0 monopalmitato de sacarosa como
surfactantes (0.5-2% p/p) con tamafos de particula inferiores a 400 nm. Las nanoemulsiones
incluyendo lecitina (>1% p/p) resultaron efectivas para la encapsulacion y liberacion controlada de
curcumina y se mantuvieron estables durante al menos 3 meses a temperatura ambiente. El hecho de
aumentar la concentracion de aceite en emulsiones altamente concentradas (fraccion en volumen 0.5y
relacion surfactante-aceite=0.1), preparadas por ultrasonidos (100 pm, 200 s) o microfluidizacion (2
ciclos, 800 bar) no afectd a la eficiencia de los sistemas formados. Por otra parte, se prepararon
nanoemulsiones a las que se incorporé alginato de sodio microfluidizado o no y se demostrd que la
microfluidizacién provocaba la rotura parcial de las cadenas del biopolimero permitiendo una
disposicion mas homogénea alrededor de las gotas, reduciendo el tamafio de particula, la
polidispersidad y la viscosidad de las nanoemulsiones resultantes. Otra forma de estabilizacion de
nanoemulsiones fue el uso de complejos proteina de suero (WPI)-pectina de remolacha azucarera
(SBP), que mostré mayor efectividad que WPI y SBP por separado frente a la maduracién de Ostwald,
retrasando el crecimiento de las gotas durante mas tiempo.

En segundo lugar, se disefiaron emulsiones dobles (6-7 um) para trasportar clorofilina
(pigmento bioactivo hidrofilico) y/o aceite esencial de citronela siguiendo un procedimiento en dos
etapas: (I) formacion de la emulsion primaria estabilizada con 4% p/p PGPR, por homogenizacion
(12,000 rpm, 5 min) y (I1) obtencion de la emulsion doble estabilizada con lecitina (2% p/p) mediante
homogenizacion (5,600 rpm, 2 min) y agitacion magnética (750 rpm, 24h).

Finalmente, se aplicaron recubrimientos comestibles formados a partir de nanoemulsiones con
aceite esencial de orégano (OR-EO) como agente antimicrobiano sobre la superficie de un queso
cortado bajo en grasa. Aquellos recubrimientos con una mayor concentracién de OR-EO (2.5% p/p)
fueron efectivos frente Staphylococcus aureus y retrasaron el crecimiento de hongos y levaduras
durante al menos 11 dias respecto al queso no recubierto.
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ABSTRACT

The incorporation of plant-derived bioactive pigments, with high antioxidant and/or
antimicrobial capacity, is intended to increase their nutritional value and/or their shelf-life,
respectively. These pigments are easily degradable, so they should be protected within nanostructured
systems. Depending on its nature (hydrophilic or lipophilic) and the desired application, the required
nanostructures and strategies for interfacial stabilization will be different. The main objective of this
Doctoral Thesis was to design, prepare and characterize nanoemulsions and double emulsions able to
act as carriers and release systems of lipophilic and hydrophilic bioactive pigments, respectively.

Firstly, nanoemulsions containing essential oils (oregano, thyme, lemongrass or mandarin) as
lipid phase, Tween 80 as a surfactant and pectin in the aqueous phase, were prepared by
microfluidization (5 cycles, 150 MPa). It was observed that the pectin acted as an emulsifier even in
the absence of surfactant and positively contributed to the reduction of the particle size of
nanoemulsions prepared with lemongrass essential oil, suggesting that the adsorption of the pectin at
droplets interface depended on the type of oil. Likewise, curcumin-loaded nanoemulsions (0.4% w/w)
stabilized by Tween 20, lecithin or sucrose monopalmitate as surfactants (0.5-2% w/w) exhibited
particle sizes below 400 nm. Those nanoemulsions containing lecithin (>1% w w) were effective for
the encapsulation and controlled release of curcumin and were stable for at least 3 months at room
temperature. The fact of increasing the concentration of oil in highly concentrated emulsions (fraction
in volume 0.5 and surfactant-oil ratio = 0.1), prepared by ultrasound (100 um, 200 s) or
microfluidization (2 cycles, 800 bar) did not affect the efficiency of the resultant delivery systems. On
the other hand, nanoemulsions prepared with microfluidized or non-microfluidized sodium alginate
and it was demonstrated that microfluidization caused the partial breakage of the biopolymer chains
allowing a more homogeneous disposition around the drops, reducing the particle size, the
polydispersity and the viscosity of the resulting nanoemulsions. Another form of stabilization of
nanoemulsions was the use of whey protein (WPI)-sugar beet pectin (SBP) complexes, which showed
greater effectiveness than WPI and SBP separately against Ostwald ripening, delaying the droplets
growth during more time.

Secondly, double emulsions (6-7 um) were designed to transport chlorophyllin (hydrophilic
bioactive pigment) and/or lemongrass essential oil following a two-step procedure: (1) formation of the
primary emulsion stabilized with 4% w/w PGPR, by homogenization (11,000 rpm, 5 min) and (1)
preparation of double emulsion stabilized with lecithin (2% w/w) by homogenization (5,600 rpm, 2
min) and magnetic stirring (750 rpm, 24 h)

Finally, edible coatings formed from nanoemulsions with oregano essential oil (OR-EO) were
applied as an antimicrobial agent onto the surface of a low-fat cheese. Coatings with a higher
concentration of OR-EO (2.5% w/w) were effective against Staphylococcus aureus and delayed the
growth of molds and yeasts for at least 11 days regarding the uncoated cheese.
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LITERATURE REVIEW: Nanoemulsions and double emulsions as
delivery systems of plant-derived bioactive pigments

Artiga-Artigas, M., Salvia-Trujillo, L. & Martin-Belloso, O.

(In preparation)

Background

Currently, there is an increasing interest in incorporating plant-derived bioactive pigments to food
products in order to increase their quality and/or safety. Emulsion-based nanostructures are emerging
as potential tools to protect, transport and controlled release of both lipophilic and hydrophilic plant-
derived bioactive pigments with antimicrobials and nutraceuticals properties.

Scope and Approach

This review provides the most relevant advances in the interfacial stabilization of two types of
emulsion-based nanostructures as carriers of plant-derived bioactive pigments for their further
incorporation into foods. Depending on the nature of the plant-derived pigment, whether it is
lipophilic or hydrophilic, different emulsion-based nanostructures should be designed. Lipophilic
plant-derived pigments may be loaded into nanoemulsions, whereas those hydrophilic might be
incorporated in the inner water phase of double emulsions.

Key Findings and Conclusions

The key point of these emulsion-based systems preparation is their stabilization, which in turn may
help to avoid the degradation of the encapsulated compound. Therefore, it is necessary to deepen in
the behavior of different emulsifiers including surfactants, single biopolymers and protein-
polysaccharide complexes at inner droplets’ interface. The resultant antimicrobial or bioactive
emulsion-based nanostructures exhibit some promising capacity as food preservers and may represent
a new strategy to produce functional foods. In addition, the properties of these systems can be
modeled according to their subsequent application. However, their toxicological aspects when
incorporated into food matrices after their intake should be also considered.

Keywords: Nanoemulsions; double emulsions; highly concentrated emulsions; protein-polysaccharide
complexes; essential oils; natural pigments.
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1. Introduction

Colored products are fashionable since they are more attractive to consumers. Nonetheless,
there is an increasing demand for healthy and safe foods that goes beyond their sensorial quality. This
worldwide interest in functional foods with higher nutritional value is stimulating innovation and new
product development in the food industry (Lopez-Rubio, Gavara, & Lagaron, 2006). Plant-derived
colored bioactive compounds, can be used as natural pigments providing an alternative to those
synthetic satisfying the current consumers’ concern. Moreover, these pigments have attracted scientist
attention in recent times since it is reported that they own highly beneficial health properties
(Rodriguez-Amaya, 2016). In this regard, the incorporation of certain plant-derived pigments
including antimicrobials, antioxidants and flavorings among others to foods can enhance their safety,
shelf stability and offering additional health benefits (Moschakis & Biliaderis, 2017). However, just a
few of natural pigments have reached the market due to drawbacks such as their low stability, and
thus, fast degradation, when exposed to external factors such as pH, temperature, light and interactions
with food ingredients (Sigurdson, Tang, & Giusti, 2017). Moreover, these plant-derived bioactive
compounds come in a variety of different molecular and physical forms such as polarities (polar, non-
polar, amphiphilic), molecular weights (low to high), and physical states (solid, liquid, gas), which
might difficult their direct incorporation into food matrices. In addition, since these ingredients are
usually intensely colored and flavored, their direct incorporation may cause organoleptic changes in
the original product (Bourbon, Cerqueira, & Vicente, 2016).

Emulsion-based nanostructures have the potential to act as carriers and delivery systems of
plant-derived pigments both lipophilic and hydrophilic, protecting them against degradation. Indeed,
the capacity of these systems to encapsulate bioactive compounds with different polarity depends on
their interfacial characteristics. In this regard, oil-in-water nanoemulsions, which are colloidal
dispersions consisting of a lipid core in an aqueous phase, are attractive to be used as delivery systems
for lipophilic bioactive compounds. Oppositely, a water-in-oil-in-water (W,/O/W,) double emulsion,
which is defined as an emulsion containing a nanoemulsion itself (Dickinson, 2011), is presented as a
great alternative for the encapsulation of hydrophilic bioactive compounds. These systems are able not
only to carry hydrophilic functional compounds within the inner aqueous compartment (W) but also
be loaded with lipophilic compounds in their oil intermediate phase (O), simultaneously.

2. Plant-derived pigments

Plant-derived compounds can be classified as lipophilic or hydrophilic according to their low
or high affinity to water, respectively. And as nutraceuticals (related to health benefits) such as
curcumin, carotenoids, anthocyanins, betalains, chlorophyllins and phytoesterols; or antimicrobials
(e.g. essential oils and their main components) regarding their functionality (Salvia-Trujillo, Rojas-
Grau, Soliva-Fortuny, & Martin-Belloso, 2014c). Figure 1 summarizes the most common plant-
derived colored bioactive compounds chemical structure along with the source from which can be
derived.
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Figure 1. Lipophilic and hydrophilic plant-derived bioactive pigments that can be incorporated to food
matrices.

Lipophilic compounds are those able to dissolve in fats, oils, lipids and non-polar solvents.
Within this group, the main components of essential oils (i.e. quinones, saponins, flavonoids, phenolic
acids, tannins, terperoids, coumarins and alkaloids), carotenes including B-carotene and crocin; and
curcumin are included (Artiga-Artigas, Lanjari-Pérez, & Martin-Belloso, 2018; Donsi & Ferrari, 2016;
Salvia-Trujillo, Qian, Martin-Belloso, & McClements, 2013). Oppositely, natural pigments such as
cholophyllins, betalains, anthocyanins or hydroxy-safflor are catalogued as hydrophilic compounds
due to their high solubility in water (Stintzing & Carle, 2004).

Essential oils (EOs) are secondary metabolites of plants with antioxidant activity that show
high efficacy against different pathogens responsible for food spoilage and foodborne illnesses
(Acevedo-Fani, Soliva-Fortuny, & Martin-Belloso, 2017; Salvia-Trujillo, Rojas-Grall, Soliva-Fortuny,
& Martin-Belloso, 2013a; Soldérzano-Santos & Miranda-Novales, 2012). In fact, Acevedo-Fani,
Salvia-Trujillo, Rojas-Grall, & Martin-Belloso, (2015), Rojas-Grall, Soliva-Fortuny, & Martin-Belloso
(2009) and Artiga-Artigas, Acevedo-Fani, & Martin-Belloso (2017) observed that edible coatings
based on nanoemulsions containing thyme, lemongrass or oregano essential oils, respectively, showed
a great effectiveness against external pathogens such as Escherichia coli and Staphylococcus aureus.
Although EOs are not pigments as such, they are rich in some colored bioactive compounds like
tannins and coumarins as mentioned above (Bilia et al., 2014; Burt, 2004). Moreover, the most of the
EOs are obtained from fruits and/or vegetables, usually colored and hence, some of their pigmented
compounds can be transferred to them during the process leading to colored oils. This is the case of
mandarin EO extracted from the mandarin peel, which is orange-colored (Artiga-Artigas, Guerra-
Rosas, Morales-Castro, Salvia-Trujillo, & Martin-Belloso, 2018). Nevertheless, their incorporation to
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foods has some limitations regarding their poor water solubility, partitioning behavior, mass transfer,
volatility or reactivity that may reduce EOs efficacy (Donsi, Annunziata, Sessa, & Ferrari, 2011). For
this reason, their encapsulation within oil-in-water nanoemulsion is a usual practice to enhance EOs
functionality (Bilia et al., 2014; Guerra-Rosas, Morales-Castro, Cubero-Marquez, Salvia-Trujillo, &
Martin-Belloso, 2017).

Yellowish pigments such as B-carotene, crocin and curcumin are also obtained from fruits and
vegetables (e.g. tomato, red pepper), plants (e.g. Crocus sativus) and roots (e.g. Curcuma longa)
(Figure 1). The main characteristic of these lipophilic plant-derived pigments is their high antioxidant
and anti-carcinogenic capacity, which makes them potentially effective to prevent several diseases like
cancer, obesity, infectious disease, and cardiovascular illnesses (Gasa-Falcon, Odriozola-Serrano,
Oms-Oliu, & Martin-Belloso, 2017; Pulido-Moran, Moreno-Fernandez, Ramirez-Tortosa, & Ramirez-
Tortosa, 2016). The study performed by Park (2010) demonstrated the exciting possibility of curcumin
as a chemopreventive agent for colorectal cancer. Also the capacity of crocin, one of the main
components of saffron, to scavenge free radicals, especially superoxide anions, and hence, to protect
cells from oxidative stress responsible for many neurodegenerative disorders is well reported
(Bolhassani, 2018; Esfanjani, Jafari, Assadpoor, & Mohammadi, 2015). Moreover, since carotenoids
(B-carotene, crocin, croacetin...) and curcuminoids are harmlessness even at high concentrations
(Table 1), their incorporation to food matrices as natural flavoring additives, pigments and/or
preservatives is of great interest for the food industry ([EC] European Commission, 2000; Lehto et al.,
2017). Nonetheless, the hydrophobic nature of these bioactive compounds hinders their incorporation
in non-fatty foods and causes their fast elimination from the body after its intake, with little absorption
in the gastrointestinal tract (GIT) (Bourbon et al., 2016). Aditya et al. (2013) reported that the
solubility of curcumin increased from 10 to 70% when it was incorporated within nanostructured lipid
carriers regarding the in vitro digestion assay enhancing its bioavailability. Therefore, emulsion-based
nanostructures containing a lipid core, as nanoemulsions, especially those highly concentrated (oil
volume fraction > 0.4) that allow the entrapping of more quantity of pigment, may be a good
alternative to encapsulate and carry these lipophilic bioactive compounds.

Likewise, some hydrophilic bioactive compounds such as chlorophyllins, betalains and
anthocyanins have been also used as food dyes for decades. Chlorophyllin, which is a water-soluble
sodium copper salt derived from chlorophyll exhibits potential capacity as wound-healing accelerant
without any known human toxicity (Figure 1) (Das, Samadder, Mondal, Abraham, & Khuda-Bukhsh,
2016). Indeed, Gradecka-Meesters et al. (2011) and Thiyagarajan et al. (2012) observed that this
green-colored pigment has anti-carcinogenic activity preventing DNA-damage since it can bind to
environmental mutagens twenty times better than resveratrol and about a thousand times better than
xanthenes.

Meanwhile, betalains and anthocyanins, which are responsible for orange, red, purple and bluish
hues of flowers, fresh and processed fruits or vegetables and grains, develop two different functions
according to Stintzing & Carle (2004). The first one is the improvement of the general outer
appearance of the product and the second, their contribution to increase consumers’ health and well-
being according to their high antioxidant capacity. Hydroxysafflor yellow A (HSYA) is the main
bioactive flavonoid derived and isolated from the flower of Carthamus tinctorius L., which has widely
used in traditional Chinese medicine for the treatment of myocardial and cerebral ischemia. Recently,
this pigment is attracting the interest of food scientist due to its anti-inflammatory, anti-oxidative and
neuroprotective effects (Zhao et al., 2018). In fact, studies performed by Wang et al. (2017) and Wei et
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al. (2005) concluded that HSYA improved motor dysfunction in their rotenone-induced Parkinson
disease model and has a protective effect on brain injury after focal cerebral ischemia reperfusion,
respectively.

Table 1. European regulation of the most common plant-derived bioactive pigments.

Plant-derived EU number Limit of use (european Union) Polarity
Bioactive Pigments

Curcumin E 100 Quantum Satis Lipophilic
Carotenes E 160a Quantum Satis Lipophilic
(20 mg/Kg for sausages), pates and
terrines
Saffron Coloring food Quantum Satis Lipophilic
Betalains E 162 Quantum Satis Hydrophilic
(200 mg/Kg for cereals)
Anthocyanins from E 163 Quantum Satis (200 mg/Kg for fruit-  Hydrophilic
Reed beet flavored cereals)
Anthocyanins from E 123 30-100 mg/Kg individually or in Hydrophilic
Amaranth combination
Chlorophyllins E 141 Quantum Satis Hydrophilic

Adapted from Lehto et al. (2017).

Chlorophyllins, anthocyanins, betalains and HSYA present poor intestinal membrane
permeability, resulting in low oral bioavailability (Rodriguez-Amaya, 2016; Zhao et al., 2018).
Additionally, metabolic inactivation of some plant-derived pigments occurs in the gastrointestinal
tract, and further restricts its oral absorption, as it is the case of HSYA (Li et al., 2010). Moreover, their
susceptibility to photodegradation and instability in acidic pH (3.5—-5) make the direct incorporation of
these hydrophilic pigments to food products, often limited (Ferruzzi & Schwartz, 2005). In order to
overcome these problems, recent works have been focus on developing stable double emulsions able
to encapsulate, protect and release hydrophilic compounds (Matos, Gutiérrez, Martinez-Rey, Iglesias,
& Pazos, 2018; Shaddel et al., 2018).

In this regard, the design and preparation of the appropriated emulsion-based nanostructured
system has to be related with the polarity of the pigment as well as its further application in order to
preserve their activity without causing the lost in quality of the resultant food products.
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3. Emulsion-based nanostructures

Emulsion-based nanostructures are emerging as a great alternative to encapsulate, protect,
transport and release plant-derived pigments. However, these systems have to accomplish certain
requirements regarding the nature of the bioactive compound that is going to be encapsulated and
concerning the final application of the mentioned nanostructures. Despite the fact that most emulsion-
based systems present kinetic stability, from a thermodynamical point of view they are unstable
systems. Indeed, some authors such as Salvia-Trujillo et al. (2014) have reported that emulsion-based
nanostructures can be thermodynamically unstable since the separated oil and water phases have a
lower free energy than the emulsified oil and water phases. Several factors namely: surfactant
concentration, water content, shear rate, shear stress, temperature, and rotational speed may
compromise emulsion-based systems stability. Therefore, it may be required to find the most suitable
formulation and processing to ensure their stability during a certain period of time. In this regard, the
present work is focused on reviewing the most common strategies for emulsion-based nanostructures
stabilization. Figure 2 illustrates the emulsion-based nanostructures discussed in this work to
encapsulate lipophilic compounds such as nanoemulsions and/or hydrophilic bioactive compounds like
double emulsions.

3.1.Nanoemulsions

Nanoemulsions contain at least two immiscible liquid phases -normally water and oil- in
which one of them is dispersed as small spherical droplets (diameter < 100 nm) within the other as can
be observed in Figure 2 (Qian & Mcclements, 2011). Theoretically, an oil-in-water nanoemulsion
consists of a lipophilic core (dispersed phase) surrounded by an interface of adsorbed material with
opposite polarity (continuous phase). This peculiarity makes them interesting delivery systems for
lipophilic plant-derived pigments. Nanoemulsions interface can be formed by one or more materials
like low-weight surfactants, polysaccharides, proteins or protein-polysaccharide complexes acting as
emulsifiers and/or texturing agents. According to Yamashita & Sakamoto (2017) interfacial rheology
has been found to be a key factor in the stability of emulsions. Indeed, in most practical applications,
the interfaces are subject to external mechanical perturbations such as change in shape or size. For
instance, Mendoza et al. (2014) observed that the Ostwald-ripening mechanism of emulsion
destabilization would be coupled to the interface viscosity and to the adsorption/desorption kinetics of
surfactant. The principal advantage of using nanoemulsions instead of conventional emulsions is the
small droplet size, which provides a higher surface area that allows the adsorption of more emulsifier
molecules reducing droplets interfacial tension and favoring their disruption (Chung, Sher, Rousset, &
McClements, 2017). Therefore, the smaller the particle size, the higher the stability of nanoemulsions
and also the higher the transparency, since small droplets scatter the light weakly because their sizes
are smaller than the wavelength of light (Salvia-Trujillo, Rojas-Grau, Soliva-Fortuny, & Martin-
Belloso, 2014). This is of special importance to incorporate lipophilic bioactive compounds into
aqueous-based foods or beverages such as soft drinks that need to remain transparent (Salvia-Trujillo
et al., 2013a). In this regard, nanoemulsions can be incorporated to food matrices without altering the
outer appearance of the final product.
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Delivery systems of lipophilic bioactive compounds Delivery systems of hydrophilic
bioactive compounds

Nanoemulsion stabilized Highly concentrated Nanoemulsion stabilized by Double emulsion
by a surfactant or a nanoemulsion (O/W) a protein-polysaccharide (W/O/W)
single biopolymer (O/W) ¢ >0.50 complex

A Hydrophilic bioactive compound: Chlorophyllins, anthocyanins, betalains. ..
A Lipophilic bioactive compound: citral, geranial, carvacrol, eugenol, curcumin, carotenes...
@~ Hydrophilic surfactant: Tween 20, Tween 80, lecithins, sucrose monopalmitate. ..
Lipophilic surfactant: Span 80, PGPR...

Aqueous phase containing biopolymers: sugar beet pectin, high metoxyl pectin, sodium alginate, whey protein
isolate...

Oil droplets: oregano, lemongrass, thyme or mandarin essential oils; corn oil, miglyol (MCT), decane. ..

‘};?:«3 Protein-polysaccharide complex: e.g. whey protein isolate (WPI) — sugar beet pectin (SBP) at pH 3.5

Figure 2. Oil-in-water (O/W) nanoemulsions and water-in-oil-in-water (W/O/W) double emulsions as
delivery systems of lipophilic and hydrophilic bioactive compounds.

3.1.1. Nanoemulsion formation

Nanoemulsions are prepared by homogenizing both lipid and aqueous phases through the
application of energy to increase the surface are of the dispersed phase (Acevedo-Fani et al., 2017).
The reduction of emulsions particle size is the result of a high interfacial tension that may cause the
decrease of the oil-water interfacial area. Therefore, the applied procedure to prepare nanoemulsions
may affect their particle size and formation (Silva, Cerqueira, & Vicente, 2012). High energy methods
are performed using microfluidizers, high pressure valve homogenizers and sonicators able to generate
intense disruptive forces leading to the formation of oil droplets with particle sizes bellow 500 nm
(Otoni et al., 2014). Despite the fact that ultrasonications is a powerful technique that has been widely
used, microfluidizers are considered as a more gentle technique since it is able to produce smaller
particle sizes with narrower distribution (Salvia-Trujillo et al., 2013). Actually, Maa & Hsu (1999)
reported that their microfluidized nanoemulsions exhibited lower particle sizes (<1 pm) than those
ultrasonicated with values around 30 pm. Qian & Mcclements (2011) prepared nanoemulsions with
particle sizes around 32 nm by passing the coarse emulsions through an air-driven microfluidizer (1-14
cycles, 4-14 kbar). Likewise, nanoemulsions obtained by Salvia-Trujillo et al. (2013) after a
microfluidization process consisting of 10 cycles at 150 MPa showed particles of 6 nm. However,
each formulation may determine the election of the most suitable procedure for nanoemulsions
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formation since viscous oil phases difficult droplet disruption by mechanical forces (Zeeb, Gibis,
Fischer, & Weiss, 2012).

One alternative is the use of low energy methodologies such as spontaneous emulsification
(SE), phase inversion temperature (PIT), phase inversion composition (PIC), and emulsion inversion
point (EIP) approaches. They depend on the spontaneous formation of minuscule oil droplets (< 100
nm) within mixed oil-water—emulsifier systems after alterations of solution or environmental
conditions (McClements, 2011; Solans & Solé, 2012). In the study performed by Bilbao-Sainz and
others (2010), PIC emulsification led to nanoemulsions with particle sizes ranging between 120 and
190 nm, which reached a size below 100 nm at increasing surfactant concentration. Similarly, as
observed by Forgiarini, Esquena, Gonzélez, & Solans (2001) it is also possible to obtain
nanoemulsions with average droplet size of 50 nm and high Kinetic stability at oil weight fractions
lower than 0.3 by stepwise addition of water to a solution of the surfactant in oil.

3.1.2. Nanoemulsions stabilization

Emulsifiers, which are amphiphilic molecules able to stabilize two immiscible liquids, are
required to the preparation of appropriate interfaces according to the desirable characteristics of the
resultant nanostructured system and its further application. Diverse types of emulsifiers can be utilized
to stabilize nanoemulsions including (i) surfactants, (ii) biopolymers and (iii) protein-polysaccharide
complexes. Surfactants are able to form a protective interfacial layer around droplets reducing the
interfacial tension and protecting them from flocculation or coalescence. Biopolymers are
macromolecules located at droplets interface that are usually generating electrostatic and steric forces
preventing droplets recoalescence. Finally, the electrostatic interaction of two biopolymers such as
proteins and polysaccharides has the formation of protein-polysaccharide complexes as a result. In this
regard, oil-in-water interfaces could be modeled depending on the type of emulsifier used since these
molecules will have a different behavior at droplets interface. However, besides the type of emulsifier,
another important parameter as their concentration should be considered. In fact, there have to be
enough molecules of emulsifier to cover all the droplets of the dispersed phase leading to smaller
particle sizes, higher stability and avoiding coalescence. Nonetheless, as pointed out by Neumann,
Schmitt, & lamazaki (2003), when there are more surfactant molecules than available droplets surface
to cover, this non-adsorbed surfactant chains located in the continuous phase may interact with each
other leading to aggregates formation. As a consequence, these aggregates might sediment causing
phase separation and thus, nanoemulsions destabilization. On the other hand, the election of the most
suitable emulsifier has to be related with the physical characteristics of the lipid phase used such as its
polarity, water solubility, interfacial tension and rheology, together with the chemical nature of the
bioactive compound that is going to be encapsulated (Surassmo, Min, Bejrapha, & Choi, 2010).

(i) Surfactants

Surfactants are amphiphilic molecules that consist of a polar head group bounded to one or
more non-polar chains and have been widely used in the formation of nanoemulsions since they are
able to adsorb quickly at droplets interface reducing interfacial tension thus leading to small oil
droplets during homogenization (Degner et al., 2014; Salvia-Trujillo, Rojas-Gral, Soliva-Fortuny, &
Martin-Belloso, 2013). The classification and characteristics of the most commonly used surfactants in
the food industry are shown in Table 2. The emulsifying capacity of surfactants is attributed to their
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hydrophilic-lipophilic balance (HLB), which usually ranged from 1 to 20 (Kralova & Sjéblom, 2009).
This is defined as the ratio of the weight percentage of hydrophilic groups to the weight percentage of
hydrophobic groups in the molecule. In this regard, lipophilic plant-derived pigments (i.e. EOs,
carotenoids or curcumin) may be loaded into stable oil-in-water (O/W), in which surfactants with a
high HLB (8-16) such as phospholipids or polyoxyethylene fatty acid esters, among others may be
required. The head group of surfactant molecules can be cationic, anionic or non-ionic, whereas the
length and grade of unsaturation of non-polar chains may vary (Degner et al., 2014). According to
Tadros (2013) the most effective surfactants are those non-ionic since repulsion between the head
groups is smaller than with those ionic and adsorption may occur from dilute solutions (Figure 3). This
is the case of polyoxyethylene sorbitan esters also called Tweens, and sucrose esters, whose high HLB
allows the formation of long-term stable oil-in-water (O/W) emulsions (Wei, Liu, San, Wong, &
Quan, 2017). These non-toxic surfactants might encapsulate lipid compounds when surfactant-oil
ratios are high due to their surface-tension-reducing capacity, dispersion, and foaming capability
(Zhao et al., 2013). Actually, sucrose monoesters and, in particular, sucrose monopalmitate, are
increasingly utilized by the food and beverage industry since they are biodegradable, with good taste
and aroma profile (Szuts & Szabd-Révész, 2012). In a recent study accomplished by Lee, Liu, Wong,
& Liu, (2017) sucrose monopalmitate-stabilized nanoemulsions exhibited lower mean droplet
diameters (= 100 nm) than those containing modified starch (> 250 nm) and promoted the release of
volatile sulfur flavor compounds (potent odorants of coffee aroma), which may translate into positive
sensory perception of instant coffee. Oppositely, Artiga-Artigas et al. (2018) reported that in spite of
the encapsulation efficiency of curcumin-loaded nanoemulsions stabilized by sucrose monopalmitate
was as high as that of those Tween or lecithin-stabilized, they suffered phase separation during the
first hours after their preparation. This fact, along with the loss of antioxidant capacity of curcumin,
suggests that curcumin is not entrapped but hold in sucrose monopalmitate chains by H-bonding being
exposed to degradation. Therefore, for the election of the most suitable surfactant, the chemical
properties of the encapsulated compound should be also taken into account.

lonic surfactants such as lecithins, which are amphiphilic molecules consisting of a mixture of
phospholipids whose polar head groups contain ionizable phosphate and nitrogen moieties, can also be
used as emulsifiers. However, their adsorption is more complicated than in the case of those non-ionic
because they are very sensitive to the presence of electrolytes. Hence, the adsorption may depend on
the repulsion between the head groups and the addition of indifferent electrolyte (Figure 3) (Tadros,
2013). Nonetheless, results reported by Nash & Erk (2017) and Artiga-Artigas et al. (2018) concluded
that concentrations of lecithin over 1% w/w were more effective than Tween 20 or sucrose
monopalmitate (non-ionic surfactants) in stabilizing nanoemulsions loaded with EOs or curcumin,
respectively. In this regard, despite ionic surfactant adsorption onto droplets surface is less easy than
that of non-ionic, lecithin may form a viscoelastic interface resisting deformation and contributing to
enhance nanoemulsions stability. This behavior had been previously observed by Klang & Valenta
(2011), who established that lecithin was able to form a mechanical barrier around the droplets
protecting them against destabilization phenomena such as coalescence or flocculation.

Since the majority of surfactants are synthetic and within them only a restricted number are
food-labeled limiting their application in food and beverage products, the use of lecithin or sucrose
esters as emulsifiers can be a good alternative.
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(i) Surfactants:
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(iii) Protein-polysaccharide complexes
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Figure 3. Proposed adsorption mechanism of different emulsifiers: (i) surfactants, (ii) biopolymers and
(iii) protein-pectin complexes at droplets interface.
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Table 2. Classification, characteristics and European regulation of the most common surfactants used in the food industry.

Introduction

Surfactant Abreviation EU number Limit of use (European Union) HBL Emulsion type Charge
Polyoxyethylene Polisorbates (20, 80, E 432-436 Quantum satis 16.7; 15; 14.9; 10.5 o'W Non-ionic
sorbitan 60,65)
monoesters Tweens ® (20, 80,
60,65)
Lecithin E 322 Quantum satis <9 o/w and w/o Amphoteric to anionic
Mono and dyglycerides E 471 Quantum satis 3-6 w/o Non-ionic
Sucrose esters of fatty E 473 50 mg/Kg (except beverages) 1-18 o/w and w/o Non-ionic
acids
Sorbitan monoesters Spans (60, 65, 20, E 491-494 Quantum satis 47.21;86:43 w/o Non-ionic
80)
Polyglycerol esters of PGE E 475 Quantum satis 6-11 /W Non-ionic
fatty acids
Polyglycerol PGPR E 476 4000 mg/Kg <4 w/o Non-ionic
polyricinoleate 5000 mg/Kg (Cocoa-based

confectionery, including
chocolate)

Adapted from Genot, Kabri, & Meynier (2013).
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(ii) Biopolymers

Natural biopolymers are edible polymeric molecules produced by living organisms such as
plants, animals or microorganisms. There are two major types of biopolymers that are normally used
in food formulations being proteins and polysaccharides (Figure 3). Proteins including gelatin, casein
or insulin, which are polymers of aminoacids, have been traditionally as emulsifying agents due to
their great binding affinities and surface activities, as well as their low saturation surface (Dickinson,
2009). Oppositely, polysaccharides have been commonly used as thickening and gelling agents since
their incorporation to the aqueous phase of emulsions and nanoemulsions cause the increase in
viscosity preventing their destabilization by decreasing oil droplets gravitational movement (Guerra-
Rosas et al., 2016). However, progressively more studies are demonstrating the capacity of
polysaccharides to act as emulsifiers consolidating themselves as potential alternative to synthetic
surfactants (Artiga-Artigas et al., 2018). Some of the most used polysaccharides as emulsifiers for
food applications are pectin (e.g.citrus), alginate, chitosan, gum arabic (Acacia senegal), intact or
modified starches and some galactomannans (Dickinson, 2009).

Biopolymers can adopt many configurations in aqueous solution depending on electrostatic
and hydrophaobic interactions, hydrogen bonding, van der Waals forces and entropic effects (Dror,
Cohen, & Yerushalmi-Rozen, 2007). For instance, gum arabic has been traditionally used as stabilizer
agent of flavor oils in soft drinks due to its ability to form an adsorbed film at the oil-water interface,
whose surface viscoelasticity is rather insensitive to dilution of the aqueous phase (Yao et al., 2013).
The structure of this biopolymer consists of a main highly branched region and a smallest fraction of
arabinogalactan—protein complex in which arabinogalactan chains are covalently linked to a protein
chain through serine and hydroxyproline groups (Dror et al., 2007). Although gum arabic is negatively
charged, is not the electrostatic but rather the steric repulsion that plays a dominant role in
nanoemulsion stabilization. Traditionally, the emulsifying and stabilizing properties of the gum arabic
have been attributed to the protein moieties. In spite of the specific action and conformation of gum
arabic at droplets interface are not clear yet, in the study of Yao et al. (2013), three gum arabic
samples with the same nitrogen content showed different emulsifying properties confirming that the
nature and distribution of the proteinaceous component of gum arabic confer the emulsifying capacity
and no its concentration. In previous works also had been observed that arabinogalactan from gum
arabic and Fenugreek gum, which is a type of galactomannan obtained by ground fenugreek seeds,
were able to adsorb on the oil interface forming a relatively thick interfacial film preventing
destabilization (Dickinson, Elverson, & Murray, 1989; Garti, Madar, Aserin, & Sternheim, 1997).

Likewise, pectin, which is a natural biopolymer mainly present in fruits and vegetables,
recently has shown adsorption capacity at oil-water interfaces and may enhance the stability of
emulsions (Alba & Kontogiorgos, 2017). Pectins contain smooth regions (also called linear regions)
primarily made up of a polymer of a-1,4-linked D-galacturonic acid (GalpA) residues and hairy,
branched regions also referred to as rhamnogalacturonan-1. Some of these GalpA residues are partially
esterified with methanol at the C-6 carboxyl group and may be esterified with acetyl groups at C-2 or
C-3 (Liu, Fishman, & Hicks, 2006). In fact, Artiga-Artigas et al. (2018) observed that citrus pectin at
specific concentrations over 1% w/w led to the formation of submicron nanoparticles in absence of
small-molecule surfactants evidencing its capacity to act as emulsifier. Other pectins such as those
from sugar beet also have shown capacity as emulsifiers. This capacity is attributed to the hydrophobic
character of its acetyl groups (Schmidt, Schitz, & Schuchmann, 2017). There is a direct relationship
between the degree of methyl esterification (DM) and emulsifying capacity of pectin, by increasing
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the DM from ~70% to ~80% (Schmidt et al., 2017). These groups with interfacial activity are able to
act as hydrophobic anchors that facilitate adsorption of pectin chains at the interface resulting in
reduction of interfacial tension as is illustrated in Figure 3 (Alba & Kontogiorgos, 2017). Nonetheless,
other authors as Funami et al. (2007) reported that proteinaceous moieties present in pectin, which are
bound to the carbohydrate, may adsorb onto the O/W interface. In this regard, the carbohydrate portion
of pectin might form a hydrated layer around oil droplets preventing flocculation (Figure 3).

Oppositely to gums and pectins, alginate -extracted from marine brown algae (Phaeophyta) by
treatment with aqueous alkali solutions- is a linear polysaccharide, which consist of B-D-mannuronic
(M) acid and a-L-guluronic (G) acid linked by 1/4 bonds (Rivera, Pinheiro, Bourbon, Cerqueira, &
Vicente, 2015). Their capacity to absorb large amount of water may lead to the formation of hydrogels
and hence, facilitate the solubility of the alginate chains in the aqueous phase (Artiga-Artigas,
Acevedo-Fani, & Martin-Belloso, 2017). In addition, alginates contain functional groups such as
carboxylates, which can easily dissociate in the aqueous phase and, as a result, provide negative
charge to the emulsions (Pereira et al., 2013). Therefore, these chains may form a protective layer
around oil droplets preventing coalescence being even more effective after microfluidization (Figure
3) (Artiga-Artigas et al., 2017). Sellimi et al. (2015) studied the emulsifying activity of sodium
alginate and observed that the higher the concentration of biopolymer, the higher their emulsifying
capacity. Additionally, the emulsifying capacity of sodium alginate was influenced by the type of oil
used during emulsions formation. Indeed, this biopolymer exhibited a higher emulsifying capacity
(around 76%) with corn oil than with other vegetable oils (i.e. olive oil, sunflower, soybean oil, ricin
oil, almond oil and argan oil).

Other linear biopolymers such as chitosan, which is positively charged and it is present in the
cuticles of crustacean, insects and molluscs and the cell walls of microorganisms; have shown
potential ability to act as emulsifier agents (Rinaudo, 2006). Certainly, Schulz, Rodriguez, Del Blanco,
Pistonesi, & Agulld (1998) observed that although chitosan was inactive at the air/solution interface, it
could adsorb at the oil/water interface providing both mechanical and electrostatic stability to the
droplets.

Therefore, differences in emulsification capacity among polysaccharides are not only
attributed to their molecular characteristics (molecular weight, polarity, hydrophobicity) but also it
may depend on their flexibility and the conformation that they adopt in aqueous solution.

(iii) Protein-polysaccharide complexes

Emulsion-based nanostructures containing short-chain oils are very prone to suffer
Ostwald ripening in spite of using surfactants or single biopolymers as emulsifiers. However, protein-
polysaccharide complexes, from the interaction between two oppositely charged biopolymers have
presented considerable surface activity (Ifeduba & Akoh, 2016). Thus, they have emerged as a
promising alternative to be used as emulsions stabilizers. Complexation toughly depends on the pH
and ionic strength of the implicated biopolymers (Zeeb, Mi-Yeon, Gibis, & Weiss, 2018).
Polysaccharides including pectin, sodium alginate or gums, among others, contain anionic functional
groups such as acetyls or carboxylates with delocalized electrons, which confer the negative charge to
the biopolymers (Artiga-Artigas et al., 2017). Nevertheless, proteins such as whey protein isolate
(WPI) change their charge approximately from -30 mV to +30 mV when the pH was reduced from 7
to 3, respectively (Zeeb, Stenger, Hinrichs, & Weiss, 2016). In this regard, the procedure for
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assembling complexed biopolymers at the liquid—liquid interface consists of pre-forming the complex
by putting in contact both biopolymers and varying the pH of the media progressively. In addition,
their physicochemical properties can be modified by the addition of crosslinking agents like
transglutaminase or facilitating Maillard reaction (Moschakis & Biliaderis, 2017). Thus, the complex
at a specific concentration will be incorporated into the emulsion mixture being able to adsorb at the
interface increasing its thickness and the steric forces. Indeed, Zeeb et al. (2012) stabilized short-chain
oils (e.g. alkanes or essential oils) with protein-polysaccharide complexes. These oils tend to migrate
quickly towards the aqueous phase due to the hydrophilic compounds present in their composition
leading to Ostwald ripening or coalescence phenomena (Artiga-Artigas et al., 2018). Therefore, they
cannot be easily stabilized either by conventional surfactants or by natural biopolymers.

Complex-stabilized emulsions stabilization can be even more sensitive than other emulsifiers
to the homogenization procedure, stirring speed, temperature, viscosity of solution as well as
concentration and type of biopolymers together with pH and ionic strength (Zeeb et al., 2018). The
proposed adsorption mechanism of the complexes at the interface can be observed in Figure 3. The
protein fraction of the complex (mostly pure protein and the protein moieties from the polysaccharide)
would be directly adsorbed at the interface as in the case of pure protein, whereas the polysaccharide
chains would be oriented towards the bulk aqueous phase. Thus, pectin situated at the surface of
complexes on one hand, may provide negative charge to the interface and on the other hand, cause
electrostatic repulsions favoring the attenuation of destabilization phenomena such as flocculation.

3.2.Double emulsions

Double emulsions, also known as duplex or multiple emulsions, are emulsions in which the
dispersed phase is an emulsion itself (Dickinson, 2011). In this regard, in a double emulsion the inner
phase is usually miscible with the final external phase due to they owe the same polarity. Nevertheless,
the intermediate phase is immiscible with the other two leading to systems such as water-in-oil-in-
water (W./O/W,) or oil-in-water-in-oil (O,/W/O,) (Wang, Zhang, & Hu, 2006). In W,/O/W,
emulsions, water is first dispersed in oil, which is then dispersed in another external water phase
(Muschiolik & Dickinson, 2017). The other described morphology consists of an oil-continuous
system containing water droplets with smaller oil droplets inside them (O./W/O,). Therefore, double
emulsions have three distinct main phases and two oil-water interfaces (Dickinson, 2011). In this
regard, at least two different emulsifiers are required in order to formulate a double emulsion for the
stabilization of each interface.

The main particularity of double emulsions is their ability to carry two or more active
compounds with different polarity simultaneously. The design and preparation of W,/O/W, emulsions
result of special interest since these systems can, on the one hand, encapsulate and protect hydrophilic
plant-derived pigments (e.g. chlorophyllins, anthocyanins or betalains) in their most internal phase
and, on the other hand, be loaded with other active compound with opposite polarity in the
intermediate compartment (e.g. essential oils, vitamins, carotenes or curcuminoids) (Muschiolik &
Dickinson, 2017). Indeed, Frank et al. (2012) showed that it was possible to stabilize anthocyanins in
the inner (W) phase of double emulsions preventing the loss of its functionality during the release of
the pigment under gastrointestinal in vitro conditions. Likewise, Kaimainen, Marze, Jarvenpéa, Anton,
& Huopalahti (2015) observed that oil in W,/O/W, emulsions can act as a barrier to protect
hydrophilic bioactives such as betalains, which gradually released during oil digestion. They also
concluded that whether the encapsulation of the hydrophilic pigment can improve its chemical
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stability along the gastrointestinal tract in the in vitro study the following step should be to evaluate
the pigment shelf-life within food applications. Moreover, either Frank et al. (2012) or Kaimainen et
al. (2015) proposed that the structural changes of the inner and outer droplets influenced the pigment
release, induced by coalescence of the inner droplets and reduced by outer droplets aggregation.

According to Lamba, Sathish, & Sabikhi (2015) there are three major types of double
emulsions regarding the number of internal droplets (Figure 4). Type A is also called “core-shell” type
multiple emulsion and it is characterized by the presence of just one large internal droplet. Oppositely,
types B and C multiple emulsions contain few or several small droplets within the inner phase,
respectively. Nonetheless, W1/O/W, emulsions of type C, have shown the best capacity to be applied
as delivery systems (Pal, 2008).
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Figure 4. Types of water-in-oil-in-water double emulsions. Figure adapted from Lamba, Sathish, &
Sabikhi (2015b).

3.2.1. Double emulsions formation

The major issue of W;/O/W, emulsions is their low stability on manufacture and high
susceptibility to breakdown during storage and on exposure to environmental stresses including
mechanical forces, thermal processing, freezing or dehydration (Lamba et al., 2015). Therefore,
several parameters need to be controlled during the preparation of double emulsions including
homogenization method, shear applied, number of passes, temperature of operation, type and
concentration of emulsifier, ratio of dispersed emulsion to continuous phase, osmotic balance between
inner and outer aqueous phase and final desired droplet size, among others (Lamba et al., 2015).
Double emulsions can be prepared by one-step or two-step emulsification procedures. One-step
method implies the application of heat to an emulsion containing a non-ionic surfactant or a mixture of
surfactants, causing the phase inversion needed to form a double emulsion (Xu, Ge, Chen, & Luo,
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2014). However, the two step procedure that consists of two sequentially steps is considered as the
standard method for the obtaining of W;/O/W, emulsions (Muschiolik & Dickinson, 2017). The first
stage is the formation of a primary water-in-oil (W,/O) emulsion produced by the homogenization of
water, oil and a low HLB surfactant. For this first homogenization, high shear devices including
ultrasonicators, high pressure homogenizers, high shear mixers or microfluidizers are commonly used
(Muschiolik & Dickinson, 2017). All of them are based on the production of cavitation, collision and
turbulence forces, which causes breakdown of the droplets and uniform dispersion of the dispersed
phase. However, some works have revealed the fact that, under certain conditions, high shear stress
can cause an over-processing of the emulsions provoking coalescence due to an increase in the surface
area, thus favoring their destabilization (Jafari, He, & Bhandari, 2007). This suggests that
homogenization processing conditions are required to be controlled in order to ensure a stable primary
emulsion formation. The second step consists of dispersing the W,;/O emulsion in an aqueous
continuous phase containing a high HLB or hydrophilic surfactant leading to a W,/O/W, emulsion.
Several authors agree with that the second step of the procedure is crucial for a good W,/O/W,
emulsion formulation since intense homogenization forces may cause the undesired breakdown of the
primary emulsion (O’Regan & Mulvihill, 2010). Therefore, in order to allow the inclusion of more
quantity of droplets in the outer phase the application of moderated energies such as ultrasonication at
low amplitudes or magnetic stirring is required. Actually, recent works reported the formation of
double emulsions with particle sizes ranging from 3.36 + 0.69 to 8.39 = 0.83 um depending on the
hydrophilic surfactant (Tween 20 or lecithin, respectively), by applying ultrasonication during 180 s at
a frequency of 24 kHz and amplitude of 40% (Teixé-Roig, Oms-Oliu, Velderrain-Rodriguez,
Odriozola-Serrano, & Martin-Belloso, 2018).

Oppositely, Vladisavljevi¢, Nuumani, & Nabavi (2017) directly prepared small micron-sized
double emulsions (20-300 pm) with firmly controlled structures by the use of microfluidic channel
devices as an alternative procedure. This device differs from others high shear homogenizers such as
microfluidizers or sonicators in that the preparation of a W;/O/W, emulsion consists of the injection of
water into oil followed by the injection of this emulsion into water (McClements, 2012). Similar
results can be achieved by using a series of concentric cylinders through which the different liquids
flow: the inner water phase (W) flows through the innermost channel; the oil phase (O) flows through
the middle channel; and, the outer water phase (W,) flows through the outermost channel
(McClements, 2012). The main advantage of preparing double emulsions by microfluidic channel
devices is that it allows large scale production, whereas conventional two-step procedures can be only
applied for preparation of small quantities of material in fundamental studies.

According to Muschiolik & Dickinson (2017) as well as choosing the appropriated
emulsification equipment and processing conditions for the second step, the stability problems of
W,/O/W, emulsions can be addressed by finding the most suitable emulsions formulation. Certainly,
an important parameter to characterize the effectiveness of W;/O/W, emulsions formulation is the
“yield.” This is defined as the percentage of the W, retained as internal droplets in the W,;0/W,
(Dickinson, 2011) In this sense, the yield can be controlled by using a different ratio of W, to oil
phase or of W;/O emulsion to W, phase. Herzi, Essafi, Bellagha, & Leal-Calderon (2014) studied the
influence of the inner droplet fraction on the release rate of W,/O/W, emulsion and found an indirect
correlation between the W, or W1/O droplets and the release. That is, the higher the weight fraction of
aqueous droplets (W) in the globules (W,/O) or the globules in W,, the lower the encapsulated
compound release rate. This is related to the phase ratio, which may determine the resulting

42



Introduction

physicochemical properties of the final W,/O/W, emulsion. Actually, Yildirim, Sumnu, & Sahin
(2017) have recently found that samples with the same ratio of W,/O emulsion/W, phase had similar
characteristics in terms of particle size, stability, viscosity, encapsulation efficiency and rheology;
regardless the ratio between W, and O using for the W,/O emulsion formation. Despite the fact that
there is not a rule for the election of phase ratio, the greater the ratio between W,/O and W,
concentrations, the higher apparent viscosity and stability of the resultant W,/O/W, may be.

3.2.2. Double emulsions stabilization

The stabilization of double emulsions represents a higher challenge than in the case of
nanoemulsions, due to the physicochemical characteristics of the interfaces, the kinetics of the
complex structure and the presence of various phases with different compositions (Muschiolik &
Dickinson, 2017). There are four principal forms of double emulsions instability including coalescence
of inner water droplets, coalescence of oil droplets, the rupture of oil film that separates the inner and
outer phases due to high packing density both causing the leakage of the encapsulated bioactive
compound and migration of inner water droplets or their water soluble materials through a process
called “reverse micellar transport” (Lamba et al., 2015). Moreover, another practical concern is that
inner droplets are prone to suffer swelling and rupture induced by osmotic transport and hence, it is
necessary to control these phenomena in order to avoid their coalescence.

The most accepted strategies to enhance W/O/W, emulsions stability are: the reduction of
inner droplets size (W;) by forming an internal microemulsion; the increase of W, phase viscosity
(Ozer, Muguet, Roy, Grossiord, & Seiller, 2000); the formation of an interfacial complex; the
modification of the solubility and polarity of the oil phase to make it less water soluble (Tedajo,
Seiller, Prognon, & Grossiord, 2001); the addition of oil-insoluble electrolytes to the W, in order to
balance the Laplace and osmotic pressures between the inner aqueous phase and the outer aqueous
phase (Kanouni, Rosano, & Naouli, 2002) and the incorporation of stabilizing agents such as
biopolymers, surfactants or colloidal particles in the outer aqueous phase (W,) (Mezzenga, 2007).
Indeed, Ozer et al. (2000) concluded that the increase of viscosifying agents concentration (from 5 to
20% w/w) caused the rise of W, aqueous phase viscosity contributing to improve stability of W,/O/W,
emulsions against temperature changes. Nonetheless, normally these strategies are not cost effective or
may require the use of non-food grade ingredients making these emulsion-based structures unsuitable
for human consumption and less attractive for the food industry (O’Regan & Mulvihill, 2010).
Therefore, the incorporation of natural and food grade emulsifiers (alone or in combination) is gaining
attention as a potential tool to enhance W/O/W, emulsions stability. Overall, the most common
emulsifiers used for the stabilization of double emulsions are (i) surfactants, (ii) biopolymers and (iii)
protein-polysaccharide complexes.

(i) Surfactants

Lipophilic surfactants (HLB =~ 3-6) are required for the stabilization of the first water-in-oil
interface, which is the most critical step for the preparation of double emulsions (Dickinson, 2011).
Within this group, there are glycerol esters, propylene glycol fatty acid esters, polyglycerol esters and
sorbitan fatty acid esters such as Span 80 being this one the most commonly used (Table 2). Span 80
as other small molecule surfactants are able to rapidly adsorb to water droplets thus reducing the
interfacial tension and avoiding coalescence. However, Surh et al. (2007) observed that although Span
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80 was soluble in vegetable oils such as corn oil at room temperature, the resultant W,/O rapidly
separated after the homogenization process. Thus, in order to obtain water-in-oil emulsions with
particle sizes sufficiently small to be re-encapsulated during the second step, Span 80 needs to be at
very high concentrations in the oil (Dickinson, 2011). Weiss & Muschiolik (2007) reported that double
emulsions’ stability may increase as increasing the viscosity of the oil phase. This has been attributed
to an enhancement of inner water droplets stability against the shear-induced stress applied during the
second step of double emulsion preparation. In this regard, polymeric surfactants and especially PGPR
is presented as a potential alternative to stabilize multiple emulsions (Surh et al., 2007; Teixé-Roig et
al., 2018). In fact, in agreement with Altuntas, Sumnu, & Sahin (2017), there is a direct dependence
between the type and concentration of surfactant and the resultant particle size of the W/O/W,
emulsions. The results provided by Musashino, Hasegawa, Imaoka, Adachi, & Matsuno (2001)
revealed that in order to obtain W4/O particle sizes bellow 1 um, Span 80 had to be at concentration of
20% w/w, whereas Frank et al. (2012) used only a 2.5% w/w of PGPR to obtain similar results. This
can be explained because vegetal oils are able to interact better with PGPR due to its higher
hydrophobicity compared to Span 80 forming a Kinetic barrier protecting the emulsion against
destabilization phenomena such as coalescence or Ostwald ripening (Tabibiazar & Hamishehkar,
2015).

However, there is a limitation of using PGPR for food applications since several studies have
related PGPR intake with a liver enlargement thus restricting the acceptable diary intake to 7.5 mg/kg
body weight (Altuntas et al., 2017; Wilson, Van Schie, & Howes, 1998). One alternative to reduce
PGPR concentration consists of its combination with other surfactants. Indeed, Garti, Aserin, Tiunova,
& Binyamin (1999) observed that W,/O emulsions stabilized by a mixture of fully hydrogenated
tristearin and PGPR in a ratio 1:1 (in weight) showed a very minor coalescence than those stabilized
by tristearin or PGPR. Likewise, W./O/W, emulsions prepared by Altuntas et al. (2017) with a 1.5%
w/w lecithin and 1.5% w/w PGPR as emulsifiers for the first W,/O emulsion, exhibited higher instant
and storage stability (56.1 + 1.7 and 93.6 = 0.5 %, respectively) than those prepared by only PGPR
(44.4 £ 0.1 and 80 + 1% respectively). Moreover, the addition of lecithin contributed to decrease the
mean volume droplet diameter (d[4;3]) of W,/O/W, emulsions from 23.8 £ 0.1 to 16.5 = 0.1 pum.

According to Table 2, for the stabilization of the second interface, which is oil-in-water,
hydrophilic surfactants (HLB ~ 8-18) may be required (Scherze, Knoth, & Muschiolik, 2006).
Moreover, particle size of the final emulsions has to be large enough to be able to contain as many
W,/O droplets as possible. Therefore, the concentration and type of hydrophilic surfactant may be
decisive in double emulsions’ formation. Concerning the surfactant concentration, it has to be enough
surfactant molecules to cover the whole droplets surface as in the case of single-interface emulsions in
order to avoid coalescence. Consequently, the surfactant-oil-ratio (SOR) has to be higher than 1
(Salvia-Trujillo, Rojas-Gral, Soliva-Fortuny, & Martin-Belloso, 2013a) Regarding the type of
hydrophilic surfactant, the most commonly used are those small-molecular weight ones as
polysorbitan-monolaurate (Tween) or lecithin and several proteins (Andrade, 2016). Actually, several
studies have been performed with Tween 80 due to its known protective capacity of lipid nanoparticles
from degradation in the stomach due to acidic conditions, the action of pepsin, and lipid oxidation,
because of its molecular structure (Aditya et al., 2015). Nonetheless, depending on the hydrophobic
surfactant chosen for primary emulsion formation, the concentration of Tween is restricted. Jiao &
Burgess (2003) realized that high concentrations of Tween 80 solubilized Span 83 rendering it useless
to stabilize the W,;/O emulsion. For this reason and based on the current consumer demand of natural
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ingredients places lecithin as the preferred one to be used as hydrophilic surfactant (Degner et al.,
2014; Muschiolik & Dickinson, 2017).

(ii) Biopolymers

The effect of natural biopolymers incorporation in the stabilization of double emulsions by the
two-step procedure has been widely considered (Dickinson, 2011). Weiss & Muschiolik (2007)
reported that the incorporation of biopolymers such as proteins (e.g. gelatin, whey protein isolate, pea
protein isolate, caseinates) or polysaccharides (e.g. sodium alginate, carboxymethyl cellulose, pectins,
gums) causes a critical impact in the stabilization of W4/O emulsions. It is believed that the origin of
this enhancement of stability is due to the interaction between polysaccharide and lipophilic surfactant,
which provides a viscoelastic barrier thus preventing droplets coalescence (Dickinson, 2011).
However, Teixé-Roig et al. (2018) observed a synergetic effect between carboxymethyl cellulose and
hydrophilic surfactant (lecithin) in the stabilization of double emulsions, whose combination inhibited
the aggregation of the outer aqueous droplets during 21 days of storage.

Nonetheless, the strategy to improve the stability of W,/O/W, emulsions that is currently
booming is the immobilization of W, by a gelation mechanism (Andrade, Wright, & Corredig, 2018;
Muschiolik & Dickinson, 2017). Actually, Surh, Vladisavljevi¢, Mun, & McClements (2007) prepared
W,/O/W, emulsions by microfluidization and high pressure homogenization containing 6.4% w/w of
polyglycerol polyricinoate (PGPR) and 0-15% w/w of whey protein isolate (WPI), whose internal
water droplets were gelled due to a thermal treatment of WPI. These double emulsions were able to
highly retain the water droplets and showed long-term stability due to resulted more effective in
inhibiting coalescence or Ostwald ripening. Similarly, W,/O/W, emulsions studied by Oppermann,
Renssen, Schuch, Stieger, & Scholten (2015), in which the inner water droplets were gelled with
gelatin or WPI resulted less sensitive towards an imbalance in osmotic pressure compared to their
counterparts without gelling agents.

Mezzenga (2007) also described that the use of small quantities of electrolytes (e.g. NaCl),
sugars (e.g. glucose) or polysaccharides including pectins, sodium alginate, chitosan, carrageenan,
xanthan and gellan among others, is a common practice to preserve the stability of double emulsions.
They provided coalescence resistance and additional stability to the internal water droplets of PGPR-
stabilized W,/O/W, emulsions. Moreover, Muschiolik & Dickinson (2017) observed that the
interaction between electrolytes (typically NaCl) and polysaccharide also improved the stability and
release behavior of the double emulsion. Likewise, other authors as Li, Fang, Al-Assaf, Phillips, &
Jiang (2012) showed that the incorporation of polysaccharides or electrolytes like NaCl to both
aqueous phases of double emulsions can improve their thermodynamic stability due to the control of
the osmotic balance. Therefore, the incorporation of salts such as NaCl in both inner and outer
aqueous phases seems to be essential for the maintenance of the optimal osmotic balance (Muschiolik
& Dickinson, 2017). Scherze et al. (2006) reported that the presence of NaCl maintained a balance
between Laplace pressure, defined as the pressure difference between inside and outside of the curved
surface, and osmotic pressure. This may improve emulsification efficiency leading to long-term stable
double emulsions.

In addition, Oppermann, Noppers, Stieger, & Scholten (2018) studied the influence of
incorporating different emulsifiers including sodium caseinate and WPI in the outer aqueous phase
(W,) of W,/O/W, emulsions. They concluded that the use of these biopolymers led to higher oil
droplets sizes and lower yields than emulsions stabilized by small molecular surfactants (= 67 um
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against 51 um). In fact, they observed that protein-stabilized W;/O/W, emulsions exhibited yields
between 60-75%, whereas they reached the 100% in those Tween 20-stabilized; which is in
accordance with previous studies (Oppermann et al., 2015; Surh et al., 2007). Thus, it can be
hypothesized that since proteins adsorption kinetics during emulsion breakup is slow, inner water
droplets can migrate during the placement of biopolymer chains at droplets interface. Moreover, the
observed behavior of the two proteins was also different since they are structurally different. Sodium
caseinate- emulsions yielded smaller oil droplets than WPI since caseinates are more flexible and can
rearrange at droplets interface favoring adsorption throughout emulsification.

(iii)Protein-polysaccharide complexes

Protein-polysaccharides complexes are gaining attention for the stabilization of W./O/W,
emulsions. Indeed, according to Li et al. (2012), protein and polysaccharides show a synergistic effect
on the functionality of W./O/W, emulsions when they are complexed. They observed that a
combination of bovine serum albumin and sugar beet pectin under specific conditions exhibited better
emulsifying capacity than the individual components alone. Likewise, Li et al. (2012) reported that
protein-polysaccharide complexes such as those of whey protein with low methoxyl pectin (LMP) and
k-carrageenan (KCG) showed the ability to improve encapsulation efficiency (61.7-94.3% depending
on the biopolymers ratio) of emulsion-based nanostructures acting as selective non pH- dependent
barriers preventing enzyme attack in upper GTI. Possibly because LMP and KCG interacted
effectively with positive groups of whey protein isolate in the mixture to make stable double
emulsions (Lamba et al., 2015). Moreover, the particle size of pure KCG-stabilized W./O/W,
emulsions was 147.4 + 4.2 um, whereas it ranged from 18.8 + 4.2 to 84.9 + 7.6 um in those WPI-KCG
complex-stabilized (Li et al., 2012). Therefore, the higher the concentration of polysaccharide in the
complex, the greater the W,/O/W, emulsions particle size.

Shaddel et al., (2018), which effectively encapsulated anthocyanins from black raspberry
(Rubus occidentalis L.) within W,/O/W, emulsions containing PGPR and Tween 80 as lipophilic and
hydrophilic surfactant, respectively (Table 2) by a two-step procedure followed by gum Arabic-
gellatin complexation observed the same trend. The increase of protein concentration with regards the
polysaccharide, resulted in the reduction of emulsions particle size and the improvement of
encapsulation efficiency.

4. Functionality and applications of emulsion-based nanostructures

Emulsion-based nanostructures have to be effective enough on the one hand, to protect the
bioactive compounds either nutraceuticals (e.g. plant-derived pigments) or antimicrobials (e.g.
essential oils) encapsulated within them in order to avoid the loss of their functional activity; and on
the other hand, to allow their controlled release. Actually, in the case of nutraceuticals, the main
objective is to ensure the absorption of the encapsulated bioactive compound in the target organ,
whereas regarding antimicrobials encapsulation, the focus is on enhancing the quality and safety of
high perishable foods in order to extend their shelf-life. Thus, the design of the emulsion-based
nanostructures should be related with the polarity of the functional compound in order to favor its
diffusion and to the desired application of the prepared systems.

On the other hand, the small particle size of these nanostructured delivery systems (<500 nm)
also enhance its functionality with regards to conventional systems since the superficial area is higher
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thus improving its effectiveness. Indeed, Salvia-Trujillo & McClements (2016) reported that small
droplets were fully digested within the small intestine phase, and these emulsions showed 2.5 and 5%
bioaccessibility higher than those containing large droplets emulsion-free samples, respectively. Thus,
the smaller the nanostructures particle size, the higher the bioavailability of the encapsulated bioactive
compound. In addition, its small size allows reducing the amount of compound incorporated in the
dietary matrices, minimally affecting its organoleptic properties. However, it must be taken into
account that emulsion-based nanostructures are normally incorporated to both liquid and solid food
matrices, which causes their dilution as a result. Consequently, the concentration of bioactive
compound may be too low to have a significant impact on the organism in the case of neutraceuticals,
or in the prevention of food spoilage if the bioactive compounds are antimicrobials. For this reason,
there is a special interest in prepare highly concentrated emulsion-based systems in which the inner
volume fraction is at least 0.4 and hence, they are able to be loaded with more concentration of
bioactive compound (Luo et al., 2017).

Furthermore, although these delivery systems can be directly incorporated in liquid products
(e.g. beverages, yogurts, purees), the application of emulsion-based nanostructures onto solid foods
requires the presence of biopolymers capable of gelling on the surface fixing the bioactive compound.
Edible coatings are able to transport antioxidants and antimicrobials such as EOs to the food matrix by
diffusion release (Aloui & Khwaldia, 2016). Thus, they can not only act as physical barriers against
moisture, gas and solute but also extend the shelf-life of high perishable foods when they contain
antimicrobial agents within (Rojas-Grau et al., 2009). There are different techniques for the
application of edible coatings to food matrices including dipping, enrobing, spraying or electronic
spraying. According to Zhong et al. (2014), dipping and enrobing coating methods led to more
homogeneous film structures, whereas those obtained by spraying and electrostatic spraying coating
methods were thinner film thickness. Nonetheless, edible coatings based on EO-loaded nanoemulsions
prepared onto high perishable foods surface by Artiga-Artigas et al. (2017) and Salvia-Trujillo, Rojas-
Grall, Soliva-Fortuny, & Martin-Belloso (2015) using dipping technique resulted potentially effective
in extending the shelf-life of low-fat cut cheese and fresh-cut fruit, respectively.

Moreover, the incorporation of biopolymers such as proteins or polysaccharides and natural
surfactants as emulsifiers may promote the scaling of these delivery systems to the industry. Recently,
nanostructures containing protein-polysaccharide complexes have been developed as a tool to produce
specific microstructures and novel functionalities with potential application in foods (Martins et al.,
2013; Salminen & Weiss, 2014). Bosnea, Moschakis, & Biliaderis, (2017) directly incorporated
complex-stabilized nanoemulsions in a yogurt matrix without practically affecting their mechanical
properties and sensorial attributes. Likewise, Ifeduba & Akoh (2016) concluded that gelatin-gum
arabic complexes prepared by Maillard-reaction-modified for stearidonic acid soybean oil
encapsulation incorporated in a yoghurt matrix delayed the development of rancidity and improved its
storage and oxidative stability during 14 days of yoghurt storage at 4 °C.

Regardless the incorporation procedures of these emulsion-based nanostructures all their
components must be safe to eat or have the generally recognized as safe (GRAS) status since they are
considered as food products, food ingredients or food contact substances. Thus, as “food ingredients”
their preparation should follow the corresponding regulations allowing reaching safe, stable, nutritious
and high quality foods according to the current consumers demand (Rojas-Grall et al., 2009). Food
matrices are complex multi-component systems containing different macromolecules such as proteins,
lipids and hydrocolloids that can compete with those biopolymers from nanostructures causing their
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destabilization (Guichard, 2015). Likewise, if the food matrix contains some charged biopolymers,
they could adsorb to the surfaces of oppositely charged emulsion droplets through electrostatic
interactions (Zeeb et al., 2016). These biopolymers are able to promote droplet flocculation due to
charge neutralization and bridging effects (Dickinson, 2009). Therefore, the control of pH and ionic
strength is also required after the incorporation of emulsion-based nanostructures to foods during
storage.

In this regard, the selection of the most suitable emulsion-based system and its formulation
may be crucial in order to get the most out of them.

5. Toxicological aspects

Emulsion-based structured delivery systems are increasingly reaching the market and some of
them have really small particle sizes (nanometric scale). This particularity is remarkable because it is
associated with their greater reactivity, higher bioavailability and a better cellular transport than those
conventional. However, nanoparticles might have an impact in the human body and hence, there is
also a great concern about the potential toxicological effects related to their intake through food
products. This could be the case of EOs-loaded nanostructures, which have some toxic effects at high
doses associated to their potential ability to interact with the human cellular membranes as they act on
microbial membranes (Fandohan et al., 2008). However, the concentration of each encapsulated
compound can be accurately controlled within nanostructures due to their small sizes and
homogeneity. On the other hand, particle size has a direct effect in the digestibility suggesting that
nanoparticles could be able to pass across the cell membranes without being digested (Salvia-Trujillo,
Qian, Martin-Belloso, & McClements, 2013). In this regard, emulsion-based nanostructures might
reach biological tissues triggering unpredictable reactions in the target organs. There, they should be
completely degraded and solubilized in the GIT in order to reduce the toxicity risk to a large extent.

Furthermore, since all the structures mentioned in the present work present potential qualities
to be applied as delivery systems for food products, their preparation should follow all required
regulations pertinent to food ingredients (Rojas-Grad et al., 2009). This means that all the components
that conform nanoemulsions and double emulsions must be safe to eat and they have to be prepared
following good manufacturing practices (GMP) (Rojas-Grau et al., 2009). Moreover, all of these
delivery systems can contain biopolymers in their aqueous phase like sodium alginate, pectin or
proteins. As it has been discussed previously, these biopolymers may enhance the stability of the
delivery systems and modify the textural properties of the final product. Therefore, it is necessary to
study the behavior and digestibility of these biopolymers during the GIT. Incorporation of
biopolymers into emulsion-based nanostructures also results interesting from the environment point of
view. In fact, there is a “green-packaging” initiative that consists of encouraging the use of delivery
systems biopolymer-based as edible coatings or films among others. The US EPA (US Environmental
Protection Agency) suggests using these coatings or films instead of synthetic plastics to reduce the
amount of environmental toxic materials used in packaging and make them easier to reuse or compost.
In addition, these edible coatings or films can be carrying antimicrobial compounds able to extend the
shelf-life of packaged foods reducing their damage or spoilage and improving their quality (Espitia,
Du, Avena-Bustillos, Soares, & McHugh, 2014).
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6. Concluding remarks

Plant-derived bioactive compounds including pigments and essential oils are potential natural
additives that can be incorporated to food matrices in order to satisfy the current consumers demand.
That can explain the notable interest in designing, preparing and characterizing emulsion-based
nanostructures able to encapsulate, protect and enhance functionality of these bioactive compounds. It
is of vital importance to choose the most suitable system for each bioactive compound and its final
application. In addition, the prepared emulsion-based nanostructures have to be stable in order to be
applied to food matrices. Therefore, their preparation should be carefully controlled considering
several factors such as the viscosity of the aqueous media, pH or ionic strength. Moreover, the
selection of the most suitable type and concentration of emulsifier is crucial to obtain stable
nanostructures. However, there is a current challenge about unraveling the fundamental mechanisms
of emulsifiers’ interfacial assembly. Thus, a deeper study of emulsifiers (i.e. surfactants,
polysaccharides or protein-polysaccharide complexes) interaction at droplets interface is necessary to
create novel complex structures with controlled mechanical and functional properties.

In spite of being demonstrated that emulsion-based nanostructures incorporation to food
products contributes to enhance their quality and safety, more research is required about the
consequences of nanostructures intake in the body. Therefore, future investigations should be focused
on studying emulsion-based nanostructures stability in food matrices during storage, their behavior
during digestion and their potential toxicological effects. And last but not least, the study of the costs
involved in bringing these systems to industrial scale it is also of great importance.
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Hypothesis and Objectives

The hypothesis of this Doctoral Thesis was that food-grade nanostructured delivery systems based on
emulsions may be suitable carriers of plant-derived bioactive compounds. In this regard, the design of
the appropriated nanostructure for each bioactive compound is of great importance for its effective
incorporation into foods.

The main objective of this Doctoral Thesis was to find stabilization strategies for the

formulation of food-grade emulsion-based nanostructures, as nanoemulsions and double emulsions, to
carry and deliver plant-derived pigments, whether bioactives or antimicrobials and to be further
incorporated into food products.

To achieve this goal, the following specific objectives were proposed:

Vi.

Vii.

To elucidate the impact of each component concentration (i.e. oil, surfactant, biopolymer
and water) in the formation of food-grade nanoemulsions containing antimicrobial lipids
(i.e. essential oils) using Ternary phase diagrams.

To assess the influence of the type and concentration of three different surfactants (Tween
20, lecithin and sucrose monopalmitate) on the physicochemical characteristics of
nanoemulsions and the ability of these systems to encapsulate lipophilic bioactive
compounds (i.e. curcumin).

To settle the effect of the homogenization procedure, as well as oil and surfactant
concentration on the formation of highly concentrated nanoemulsions as carriers of
lipophilic bioactive compounds (i.e. curcumin).

To find the impact of microfluidization on the molecular structure of sodium alginate
acting as emulsion stabilizer and the effect of the biopolymer incorporation before or after
microfluidization on their physicochemical properties.

To determine the effectiveness of sugar beet pectin-whey protein isolate complexes used
as emulsifiers in the stabilization of short-chain oil-in water nanoemulsions to prevent
Ostwald ripening.

To optimize the methodology for the formation of double emulsions and assess their
ability as template carriers of hydrophilic and/or lipophilic bioactive compounds (i.e.
cholophyllin and/or lemongrass essential oil, respectively).

To prove the feasibility of using oregano essential oil-in water nanoemulsions as
antimicrobial edible coatings onto low-fat cut cheese and their effect on the quality and
safety attributes.
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MATERIALS

Table 1. Materials required to produce the nanostructured delivery systems.

System Active ingredients

Materials

Essential oils:

Disperse phase: essential oils, corn oil, miglyol

(MCT), decane

Emulsifier:
Oregano, Thyme, 0] Surfactants: Tween 20, Tween 80, Soy
i i lecithin, sucrose monopalmitate
Nanoemulsions Lemongrass, Mandarin p
(i) Biopolymers: sodium alginate, high-

Pigments:
methoxyl pectin.

Curcumin (iii)  Protein-polysaccharide complexes: whey
protein isolate-sugar beet pectin
complexes

Essential oils:

Disperse phase: essential oils, corn oil

Lemongrass ) o
. Hydrophobic emulsifier: span 80, PGPR
Double emulsions
Pigments: Hydrophilic emulsifier: Tween 20, Soy lecithin

) Stabilizer: sodium alginate, NaCl salt

Chlorophyllin
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METHODS

SECTION I. Designing nanoemulsions as carriers of lipophilic plant-
derived bioactive compounds.

Nanoemulsions formation

The continuous phase was prepared by dissolving the surfactant and/or biopolymer in hot
ultrapure water (70°C). In the case of using natural biopolymers, the aqueous phase was stirred during
at least 4h to ensure their complete hydration. The disperse phase was an essential oil and/or corn oil.
All the components were homogenized using a high-speed blender (T25 digital Ultra-Turrax, IKA,
Staufen, Germany). The resulting coarse emulsions were treated in a microfluidizer (M110P,
Microfluidics, Massachusetts, USA), with 150 MPa and 5 passes, in order to obtain the subsequent
nanoemulsions.

Characterization of nanoemulsions

Nanoemulsions were characterized in terms of droplet size, droplet charge, viscosity, color
and morphology. The particle size (nm) of nanoemulsions was measured by dynamic light scattering
and -potential (mV) by phase-analysis light scattering (PALS) using a laser diffractometer (Zetasizer
NanoZsS, Malvern Instruments, U.K.). For all the measurements, samples were prior diluted in a ratio
of 1/9 sample-to-solvent.

Apparent viscosity of nanoemulsions was measured in a vibro-viscometer SV-10 (A&D
Company, Tokyo, Japan), from aliquots of 10 mL, vibrating at 30 MHz and constant amplitude. The
temperature of samples was recorded simultaneously by the same equipment.

The color of nanoemulsions was determined in a Minolta CR-400 colorimeter (Konica
Minolta Sensing, Inc., Osaka, Japan), using an illuminant D65 and the 10° observer angle. Whiteness
index was calculated from the CIE L*, a* and b* parameters, according to eq.(1) (Salvia-Trujillo,
Rojas-Grali, Soliva-Fortuny, & Martin-Belloso, 2014a):

WI= 100-((100-L°)%+(a"%+b"%))%° eq. (1)

Nanoemulsions turbidity is related to destabilization phenomena such as coalescence,
creaming or flocculation, which were monitored by a Turbiscan Classic (Formulaction, Toulouse,
France) during a maximum of 86 days of storage at room temperature. Tests were performed in
duplicate.
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Nanoemulsions were observed by negative-staining electron microscopy as a direct
measurement of their droplet size and shape. Conventional emulsions and nanoemulsions were diluted
with ultrapure water using a factor of 1:10, and they were adsorbed onto carbon-coated
copper/palladium grids for 1 min. Then, the grids were washed three times by floating it face-down on
drops of sterilized, deionized water for 1 min. Finally, the sample was negatively stained by floating
the grids face-down on a drop of 2% (w/w) ammonium molybdate at pH 6.5 for 1 min. The grids were
observed in a transmission electron microscope (Jeol 2100, FEI Company, Netherlands) at an
acceleration voltage of 100 kV.

Encapsulation efficiency (EE, %) and curcumin release of nanoemulsions

Curcumin-loaded nanoemulsion aliquots of 10 mL were placed inside a dialysis tubing cellulose
membrane of 43 mm x 27 mm (Sigma-Aldrich, Darmstadt, Germany) and submerged in 20 mL of
food grade ethanol. After centrifugation (2000 rpm, 10 min) with a Hettich® Universal 320 centrifuge
(Sigma-Aldrich, Darmstadt, Germany) the non-encapsulated curcumin content (free curcumin) was
quantified spectrophotometrically with a V-670 spectrophotometer (Jasco, Tokyo, Japan) at 425 nm.
Encapsulation efficiency (%) of the obtained nanoemulsions was calculated by eq.(2) (Surassmo et al.,
2010):

Total amount of curcumin—Free curcumin

EE =

x 100 eq. (2)

Total amount of curcumin

where the total amount of curcumin is the initial concentration of this bioactive compound added to the mixture
and the free curcumin is the concentration of compound that was not loaded in nanoemulsions.
All the measurements were performed in triplicate.

In order to monitor the curcumin rate release, aliquots of the samples were taken at times 0, 3,
6 and 24 h and quantified spectrophotometrically with a V-670 spectrophotometer (Jasco, Tokyo,
Japan) at 425 nm. The curcumin release was calculated with equation (3) according to Surassmo et al.
(2010) and fitted to a rectangular hyperbolic curve according to equation (4):

Total amount of curcumin (t=0)—Released curcumin(t=t)

CR = (100 - Total amount of curcumin (t=0) )X 100 €d. (3)
CRmax-t
CR= ——= eq. (4)

where CR is the curcumin release expressed in %, t is the time (h), CRmax is the maximum curcumin release
(%) and k is a kinetic constant (h).

Antioxidant capacity of curcumin-loaded nanoemulsions

The antioxidant capacity of curcumin-loaded nanoemulsions was determined by the o, o-
diphenyl-p-picrylhydrazyl (DPPH) free radical scavenging method and the Ferric Reducing
Antioxidant Power (FRAP) assay. Although both methods can properly evaluat the antioxidant
potential of curcumin, the main difference between them is that DPPH assay is based on the presence
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of radicals (DPP-), whereas FRAP consists of an electrons exchange (Thaipong, Boonprakob, Crosby,
Cisneros-Zevallos, & Hawkins Byrne, 2006).

DPPH procedure was conducted according to the method of Brand-Williams; Cuvelier, &
Berset, (1995) with some modifications. The DPPH radical solution was prepared by dissolving 2.5
mg of DPPH radical in 100 mL of methanol. The absorbance of solution was adjusted to 0.7 + 0.02 at
515 nm. Aliquots of 20 pL of sample were placed in a microplate and 280 pL of DPPH radical
solution was added to each sample. Samples were incubated for 30 min in the dark and the absorbance
was measured.

FRAP assay was carried out as described by Benzie & Strain (1996) where 20 pL of sample
were placed into each tube and mixed with 280 puL of FRAP solution. The samples were incubated at
room temperature in the dark for 30 min and the absorbance was measured at 630 nm after prior
filtration.

Results were reported as mg of Trolox equivalents per mL of solution (mg TE/mL) using a standard
curve of Trolox (Velderrain-Rodriguez et al., 2015). In both methods, triplicate determinations were
made at each dilution of the standard.

Statistics

All the experiments were assayed at least in duplicate, and three replicate analyses were
carried out for each parameter. SigmaPlot 12.0 Systat Software was used to perform the analysis of
variance. Tukey test was chosen to determine significant differences among the use of different
surfactants and concentrations, at a 5% significance level.

Correlation analyses were performed with statistical analysis software (SigmaPlot 12.0 Systat
Software, London, UK).

Curcumin release curve was generated and statistically analyzed at a 5% significance level
using Statgraphics Centurion XVII (Statgraphics Technologies INC, Virginia, USA). The output
showed the results of fitting a nonlinear regression model to describe the relationship between CR and
t independent variables. The R-Squared statistic indicates that the model as fitted explains 100.0% of
the variability in CR.

Highly concentrated emulsions formation

Highly concentrated coarse emulsions contained at least a 40% w/w of oil as dispersed phase.
Therefore, the agueous phase containing the hydrophilic surfactant and corn oil, where the oil volume
fraction (¢) ranged from 0.4 to 0.7 and the surfactant-to-oil ratio (SOR) from 0.01-0.2; were mixed
with a T25 digital Ultra-Turrax (IKA, Staufen, Germany) at 11,000 during 2 min. Afterwards, highly
concentrated nanoemulsions were obtained by ultrasonication with a UP 400S Hielscher sonifier
(Hielscher Ultrasound Technology, Teltow, Germany) at 100 um of amplitude and during 20-240 s or
by microfluidization with a microfluidizer (M110P, Microfluidics, Massachusetts, USA) at 800 bar
and 1-5 cycles.
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Characterization of highly concentrated emulsions

The emulsion droplet size in terms of volume and surface diameter (d[4;3] and d[3;2],
respectively) of all coarse emulsions and nanoemulsions expressed in um was measured by the laser
diffraction technique with a Mastersizer 3000™ (Malvern Instruments Ltd., Worcestershire, UK).
Refractive index of corn oil is 1.47. For the measurement of particle sizes, highly concentrated coarse
and nanoemulsions were dispersed in distilled water.

The C-potential (mV), was measured by phase-analysis light scattering (PALS) with a
Zetasizer Nano-ZS laser diffractometer (Malvern Instruments Ltd, Worcestershire, UK). It determines
the electrical charge at the interface of the droplets dispersed in the aqueous phase. Samples were prior
diluted in ultrapure water using a dilution factor of 1/150 sample-to-solvent.

Viscosity measurements (mPa-s) were performed by using a vibro-viscometer (SV-10, A&D
Company, Tokyo, Japan) vibrating at 30 Hz, with constant amplitude and working at room
temperature. Aliquots of 10 mL of each emulsion and nanoemulsion were used for determinations.

Microscopy images of fresh highly concentrated coarse and nanoemulsions were taken with an
optical microscope (BX41, Olympus, Gottingen, Germany) equipped with UIS2 optical system. Phase
contrast and bright field images were obtained without diluting the samples in order to maintain oil
droplets packaging. All images were processed using the instrument software (Olympus cellSense,
Barcelona, Spain).

Encapsulation efficiency (EE, %) and curcumin release of highly concentrated emulsions

The curcumin encapsulation efficiency (EE) was measured following the method of
Lin et al. (2018) in which 0.5 mL of each emulsion is poured in 2 mL of ethanol absolute and
3 mL of n-hexane, and vortexed (MS 2, Fisher Scientific, Leicestershire, UK). The curcumin
was collected in the ethanol fraction and subsequently quantified. The curcumin absorbance
was measured with a V-670 spectra photometer (Jasco, Tokyo, Japan) at a 425 nm
wavelength and the concentration was calculated from the calibration curve. EE (%) of the
obtained emulsions was calculated by eq.(2) (Surassmo et al., 2010).

The curcumin release was measured following the method of Behbahani, Ghaedi, Abbaspour,
& Rostamizadeh (2017). Aliquots of 10 mL of each sample were loaded into the dialysis bags, which
were subsequently submerged in a 100 mL mixture of distilled water and ethanol (50:50), at room
temperature and constant agitation (100 rpm). A 2-mL aliquot of the outer extraction medium was
used to determine the curcumin concentration at 0.5, 1, 3, 5, 8, 24 and 48 h. In order to maintain the
volume constant during the whole experiment, 2 mL of dissolution medium were added to replace
each extracted aliquot. Samples were measured with a V-670 spectra photometer (Jasco, Tokyo,
Japan) at a 425 nm wavelength. The curcumin release was calculated with eq.(5):

70



Materials and Methods

released curcumin (mg)

Release (%) = x100 eq.(5)

total amount of encapsulated curcumin (mg)

where the released curcumin expressed in mg is the amount of curcumin found in each sample and the total
amount of encapsulated curcumin is the quantity of compound that was loaded in the emulsions according to
encapsulation efficiency results, also expressed in mg.

Curcumin release curve was generated and statistically analyzed at a 5% significance level
using JMP 12 Pro 12 software (Statistical Discovery ™, North Carolina, USA). The output showed the
results of fitting a non-linear regression model to describe the relationship between CR and t
independent variables as shown in eq.(6). The R-Squared statistic (0.99) indicates that the model as
fitted explains almost 100.0% of the variability in CR.

CR = CRmax - (1 — e~ k%) eq.(6)

where CR is the curcumin release expressed in %, t is the time (h), CR . is the maximum estimated curcumin
release (%) and k is the kinetic constant (h™).

Statistics

All the experiments were assayed in duplicate, and at least three replicate analyses were
carried out for each parameter. JMP Pro 12 software (Statistical Discovery™, North Carolina, USA)
was used to perform the statistical analysis. Tukey-Kramer test was chosen to determine significant
differences among treatments, at a 5% significance level.

Protein-polysaccharide complex formation

WPI and SBP used during the experiment were characterized in terms of {-potential with a
Zetasizer Nano-ZS laser diffractometer (Malvern Instruments Ltd, Worcestershire, UK) and optical
microscopy with an Axio Scope optical microscope (Al, Carl Zeiss Microimaging GmbH, Gottingen,
Germany) over a pH range of 7 to 3, measured with a laboratory pH meter (inoLab, pH Level 1,
WTW, Weilheim, Germany), in order to set the accurate conditions for associative complex formation.
Initially, the single biopolymers were dissolved in distilled water with magnetic stirring overnight at
room temperature to obtain two stock solutions at 2% w/w of biopolymer and ensure their complete
hydration. Afterwards, solutions were adjusted to pH 7 with 0.1M and 1M of NaOH or HCI (Zeeb et
al., 2016). Stock solutions were mixed in a WPI/SBP ratio of 1/1 and the complex formation was
induced by decreasing the pH to 3 at regular intervals. Soluble complexes were obtained in a pH range
5-3.5.

Complex-stabilized nanoemulsions formation

Two stock solutions, one containing 2 % w/w of whey protein isolate (WPI) and the other 2 %
w/w of sugar beet pectin (SBP), were prepared in citrate buffer (3.5 pH). Both solutions were
magnetically stirred overnight to ensure complete hydration of the biopolymers at room temperature
and pH was readjusted to 3.5. Afterwards, both solutions were mixed 1/1 (WPI/SBP) ratio and 20%
w/w of decane was added. The different mixtures were homogenized using a high shear laboratory
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blender (Standard Unit, IKA Werk GmbH, Germany) at 15.000 rpm for 2 min followed by three
passes at 1,000 bar (100 MPa) through a high pressure homogenizer (LM10, Microfluidics™,
Westwood, MA).

Characterization of complex-stabilized nanoemulsions

The particle size (um) and particle size distribution of emulsions were measured using a static
light scattering instrument (Horiba LA-950, Retsch Technology GmbH, Haan, Germany) periodically
during 21 days of room temperature. Samples were diluted to a droplet concentration of approximately
0.005% w/w with citrate buffer (pH 3.5) to prevent multiple scattering effects. The instrument
measured the angular dependence of the intensity of the laser beam scattered by the dilute emulsions
and then used the Mie theory to calculate the droplet size distributions that gave the best fit between
theoretical predictions and empirical measurements. Refractive index ratio for decane-in-water
nanoemulsions was calculated with the light scattering equipment and had a value of 1.48. The particle
size measurements are reported as volume frequency distributions and as the number-average droplet
diameter D[4;-3]. Particle radii were calculated as the average of measurements made on at least two
freshly prepared samples. Afterwards, Ostwald ripening rate can be calculated from the change in
mean droplet size with time using the equation 7 according to Weiss, Herrmann, & McClements
(1999):

ré-re = ot = (8yDc..V,t)/(9RT) eq.(7)

where, o is the Ostwald ripening rate, r, is the mean number droplet radius after time t, ry is the initial mean
number droplet radius, v is the interfacial free energy of the oil-water interface, D is the diffusion coefficient of
the solute within the aqueous phase, T is the absolute temperature, c,, is the molecular solubility of the solute in
the aqueous phase, V,, is the molar volume of the solute, and R is the molar gas constant. In this equation it is
assumed that the emulsion is diluted and that there is no influence of interfacial rheology on the ripening rate.

The {-potential (mV) was measured by phase-analysis light scattering (PALS) with a Zetasizer
Nano-ZS laser diffractometer (Malvern Instruments Ltd, Worcestershire, UK). It determines the
electrical charge at the interface of the droplets dispersed in the aqueous phase. In all the
determinations, samples were prior diluted in citrate buffer (3.5 pH) using a dilution factor of 1:30
sample-to-solvent.

The accelerated creaming test was performed by centrifuging 2.5 mL aliquots of
nanoemulsions, diluted to 1% in citrate buffer, using a Heraeus Centrifuge (Biofuge 28RS, Osterode,
Germany). Samples were centrifuged at 2500 rpm during 1, 5, 10, 15, 30 or 50 min. Pictures of the
emulsions were taken periodically with a digital camera (Canon Powershot G10, Tokyo, Japan) and
the creaming index provoked by centrifugation was calculated with eq.(8):

Creaming index (%) = (Ncreaming @)~Ncreaming (t0))/Nio * 100 eq.(8)
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Rheological measurements were conducted using a rheometer MCR 502 (Anton Paar GmbH,
Graz, Austria; Software: Rheoplus) and were performed with a bicone measuring geometry, where the
edge of the disk is located in the interfacial region between the two immiscible liquids. The influence
of the bulk and upper phase of the flow field in the bicone system is compensated in an analysis
performed using the rheometer software after the measurement. An amplitude sweep was conducted
with 100 measuring points in the strain range between 0.01 to 100 % (frequency f = 0.01 Hz; § = 25
°C). At the beginning of each measurement, a relaxation time of 15 min was applied. Each sample was
measured in duplicate, whereas the interfacial storage modulus G;” and loss modulus G;” were utilized
as a key parameters to determine the rheological properties of the mixtures containing WPI solution
(2% wiw), SBP solution (2% w/w) or complex WPI/SBP (1/1) solution (2% w/w) at pH 3.5 and decane
as the upper fluid.

Statistics

All the experiments were performed in duplicate, and at least three replicate analyses were carried out
for each parameter. SigmaPlot 11.0 Systat Software was used to perform the analysis of variance.
Tukey test was chosen to determine significant differences among the different emulsions, at a 5%
significance level.

Molecular characterization of sodium alginate

Infrared spectroscopy through attenuated total reflectance (ATR) was applied to freeze-dried
samples of coarse emulsions, nanoemulsions and alginate solutions in order to avoid the interferences
caused by water in the —OH signal (3400-3600 cm™). After freeze-dried process with a Cryodos 50
freeze drier (Telstar Cryodos, Terrassa, Spain) working with a vacuum pressure of 0.128 mBar and a
temperature of -45.6 °C, emulsions and alginate solutions were directly measured in solid state by
using an infrared spectrometer (FT-IR 6300 Jasco Series, Easton, USA) in a range of 4000-600 cm’.
All tests were performed in triplicate and data were processed using SpectraManager Software (Jasco
Analitica Spain S.L, Madrid, Spain).

For the performing of proton nuclear magnetic resonance ('"H-NMR), samples of emulsions,
nanoemulsions and alginate solutions were freeze-dried using a Cryodos 50 freeze drier (Telstar
Cryodos, Terrassa, Spain), weighed in a precision scale (Denver Instrument S-234, Germany) and
dissolved in 7.5 mL of D,O in order to be analyzed with a NMR spectrometer (Mercury Plus AS 400
MHz, Varian; California, USA). Data were processed with MestReNova 10.0.2 Software (Mestrelab
Research, Santiago de Compostela, Spain).

Gel permeation chromatography (GPC) of the alginate solutions was used to study the
breaking of alginate molecules. Microfluidized and non-microfluidized alginate solutions were prior
diluted in water by a 1:1 factor and compared with different dextran solutions of 2 mg/mL acting as
patterns (Sigma-Aldrich, USA).

The chromatograph (Waters Alliance 2695, Waters, Barcelona, Spain) was composed by a refraction
index detector (Waters 2414, Barcelona, Spain) and a weighing scale (Mettler Toledo AT261 Delta
Range, Barcelona, Spain). Chromatographic conditions consisted of an Ultrahydrogel 1000 +
Ultrahydrogel 250, 300x7.8 mm column (Waters, Barcelona, Spain) using NaNO; 0.1M as eluent at
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30°C and the injection volume was 50 pl with a flux of 1.0 mL/min. Data were processed with the
Empower GPC Software (Waters, Mildford, USA).

Statistics

All the procedures were assessed in duplicate, and at least three measurements of each
parameter were carried out. The statistical software SigmaPlot 11.0 (Systat Software Inc.,
Pennsylvania, USA) was used to perform the analysis of variance. To determine differences among
means of the different procedures, Tukey test (Two Way ANOVA) was run at a 5% significance level.
In the case of comparing microfluidized and non-microfluidized alginate solutions, a Rank Sum test
(One Way ANOVA) was run at a 5% significance level as well.

SECTION II. Designing double emulsions as carriers of hydrophilic plant-
derived bioactive compounds.

Water-in-oil emulsions formation (W;/O)

Water-in-oil emulsions (W,/O) were prepared in a ratio aqueous phase (W,)/lipid phase (O) of
30/70. First of all, alginate (1-2% w/w) was added to ultrapure water at 70°C and stirred during 3 hours
to ensure complete hydration of biopolymer. After reaching room temperature, the accurate quantity of
chlorophyllin (27 ppm) and NaCl (0-0.25 M) were added to the alginate solution until their
dissolution. This aqueous phase was dispersed into a lipid phase containing 0-1% w/w Lemongrass
essential oil (LG-EOQ) in corn oil; and Span 80 (4, 6 or 10% w/w) or PGPR (4, 6 or 10% w/w) as
hydrophobic surfactants. Both phases were mixed through three different procedures: i) high shear
homogenization with a T25 digital Ultra-Turrax (IKA, Staufen, Germany) at 11,000 or 22,000 rpm
and during 1, 2, 3 or 5 min; ii) high shear homogenization (11,000 rpm, 5 min) followed by
ultrasonication with a UP 400S Hielscher sonifier (Hielscher Ultrasound Technology, Teltow,
Germany) testing amplitudes of 30, 60 or 100 um and for 1, 3 or 5 min and iii) high shear
homogenization (11,000 rpm, 5 min) followed by microfluidization with a microfluidizer (M110P,
Microfluidics, Massachusetts, USA) at 150 MPa and 1-5 cycles to the formation of W,/O.

Double emulsions formation (W1/O/W5)

After the formation of the primary W,/O, these were dispersed in a second alginate solution
(2% w/w) also containing NaCl (0-0.25 M) with a ratio of 1/4 (W;0/W,) and mixed again by a high
shear homogenizer (T25 digital Ultra-Turrax, IKA, Staufen, Germany) at 5,600 rpm and during 2 min
followed by magnetic stirring at 750 rpm, during 3, 5, 18 and 24h in order to obtain the W,/O/W,
emulsions.

Characterization of double emulsions

The emulsion droplet size was measured by the laser diffraction technique with a Mastersizer
3000™ (Malvern Instruments Ltd., Worcestershire, UK). The measured droplet size was expressed as
volume-weight and surface-weight diameter (d[4;3] and d[3;2] in um. Refractive indexes (RI) of corn
oil and lemongrass essential oil were 1.47 and 1.48, respectively. For the measurement of particle
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sizes of W;/O emulsions, sunflower oil, whose Rl was the same as corn oil, was used as dispersant,
whereas W,/O/W, emulsions were dispersed in distilled water (R1=1.33).

A vibro-viscometer (SV-10, A&D Company, Tokyo, Japan) vibrating at 30 Hz was used to
measure the viscosity (mPa-s) of 10 mL aliquots of the W,/O and W,/O/W, emulsions. Moreover, the
viscosity of water, which was used as dispersant phase, was 0.91 mPa-s. This value was considered
with regard to DLS measurements, which were all performed at 25 + 2 °C.

The color of W;/O and W,;/O/W, emulsions was measured with a colorimeter (Minolta CR-
400, Konica Minolta Sensing, Inc., Osaka, Japan) at room temperature set up for illuminant D65 and
10° observer angle and calibrated with a standard white plate. CIE L*, a* and b* values were
determined, and the whiteness index (WI) was calculated with eq.(1) (Salvia-Trujillo, Rojas-Grald,
Soliva-Fortuny, & Martin-Belloso, 2013a).

The stability of the prepared W./O and W,/O/W, emulsions containing CHL and/or LG-EO
was performed in duplicate through a turbidity study with a Turbiscan Classic (Formulaction,
Toulouse, France) during 21 days of refrigerated storage at 4°C. The turbidity measurement allows the
detection of the most common destabilization mechanisms of emulsions such as creaming,
sedimentation, flocculation or coalescence by multiple light scattering.

Confocal microscopic images were Fresh double emulsions containing CHL and/or LG-EO
were observed with an Olympus Spectral Confocal Microscope (Olympus FV1000, Melville, NY)
with 100x oil immersion objective lens. Double emulsions were previously dyed with Nile red (Sigma
Aldrich, Merk, Darmstadt, Germany), a fat-soluble fluorescent dye that was previously dissolved at
0.1% (w/v) in polyethilenglycol (Sigma Aldrich, Merk, Darmstadt, Germany) in order to capture the
images. All images were taken and processed using the instrument software program (Olympus FV10-
ASW viewer, Melville, NY).

Encapsulation efficiency of double emulsions (W1/O/W,) containing chlorophyllin

In order to calculate the CHL encapsulation efficiency (EE) of W1/O/W, emulsion, aliquots of
10 mL were placed inside a centrifuge tube and 20 mL of food grade methanol were added. After
centrifuging (3000 g, 10 min) with a Hettich® Universal 320 centrifuge (Sigma-Aldrich, Darmstadt,
Germany) the outer aqueous phase with the non-encapsulated CHL (free CHL) was filtered through a
0.22 mm Vinylidene Polyfluoride (PVDF) syringe filter and quantified by analyzing the solvent
spectrophotometrically with a V-670 spectrophotometer (Jasco, Tokyo, Japan) at 405 nm. The EE of
the obtained W,/O/W, emulsions was calculated by equation (9) (Giroux et al., 2013):

C(W1)xX(W1)— Csx(V+X(W2)) %100

EE = C(W1)*X(W1) ed.(9)

where C(w,) is the initial CHL concentration in the internal aqueous phase of the emulsion (27 ppm), Cs is the
CHL concentration in the subphase collected after centrifugation of the diluted emulsion, X(W,) and X(W,) are,
respectively, the mass fractions of the internal (0.06) and external (0.8) aqueous phases for 1Kg (V) of emulsion.
All the measurements were performed in triplicate.
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Antioxidant capacity of double emulsions (W1/O/W,)

The antioxidant capacity of CHL and lemongrass essential oil (LG-EQO) both solved in
methanol (used as controls), as well as, CHL- and CHL/LG-EO-loaded emulsions was determined by
DPPH and FRAP assays.

The DPPH procedure was conducted according to the method of Brand-Williams; Cuvelier, &
Berset, (1995) with some modifications. The DPPH radical solution was prepared by dissolving 3.75
mg of DPPH radical in 100 mL of methanol. The absorbance of the solution was adjusted to a value
between 0.7-0.8 + 0.02 (measured at 515 nm). Aliquots of 10 pL of sample were placed in a
microplate with 90 pL of Milli-Q water and 3900 puL of DPPH radical solution was added to each
sample. Samples were incubated for 30 min in the dark and the absorbance at 405 nm was measured.

FRAP assay was carried out as described by Benzie & Strain (1996) with some modifications
where 150 pL of sample were placed into each tube and mixed with 2850 pL of FRAP solution. The
samples were incubated at room temperature in the dark for 30 min and the absorbance was measured
at 630 nm after prior filtration.

Results were reported as mg of Trolox equivalents per mL of solution (mg TE/mL) using a
standard curve of Trolox (Velderrain-Rodriguez et al., 2015). In both methods, triplicate
determinations were made at each dilution of the standard.

Statistics

All the procedures were assessed in duplicate, and at least three measurements of each
parameter were carried out. The statistical software SigmaPlot 11.0 (Systat Software Inc.,
Pennsylvania, USA) was used to perform the analysis of variance. To determine differences among
means of the different procedures, Dunn’s test (One Way ANOVA) was run at a 5% significance
level.

SECTION II1. Application of emulsion-based nanostructures to foods

Formation of edible coatings from nanoemulsions

The coating forming solutions were oil-in-water nanoemulsions containing OR-EO (1.5-2.5%
wiw), Tween 80 (2.5% wiw), sodium alginate (2.0% w/w) and mandarin fiber (0.5% w/w). The
aqueous phase was prepared by solving sodium alginate in ultrapure water at 70 °C for 3 h. After
reaching room temperature, mandarin fiber was added to alginate solution and mixed using a
laboratory high-shear homogenizer (T25 digital Ultra-Turrax, IKA, Staufen, Germany) at 9600 rpm
for 3 min. Ultimately, the aqueous phase was filtered in order to remove the fiber in excess. An
accurate amount of the lipid phase consisted of the mixture of OR-EO and Tween 80 at room
temperature was added to the aqueous phase, and blended with the high-shear homogenizer at 11,000
rpm for 2 min, leading to coarse emulsions. Lastly, nanoemulsions were formed passing the respective
coarse emulsion through a microfluidizer (M110P, Microfluidics, Massachusetts, USA) at 150 MPa
for 5 cycles.

Identical cylindrical cheese pieces (diameter: 1.5 cm, height: 2.4 cm) were immersed into the
corresponding nanoemulsion for 1 min, and allowed to dry at room temperature for 5 min. The
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addition of CaCl,, which acts as cross-linker, was not needed since cheese contains calcium itself. A
quantity of 50 g of coated cut cheese were packed polypropylene (PP) trays (ATS packaging,
Barcelona, Spain) of 170 mm length x 25 mm height x 110 mm width, using a tray sealer (Basic V/G,
lipra systems, Barcelona, Spain). Afterwards a cover film made of polyamide and polyethylene
(Tecnopack, Girona, Spain) was used to heat seal the trays. Lastly, sealed trays were stored at 4 °C
during 15 days. Separate trays were prepared with cheese pieces inoculated with Staphylococcus
aureus to evaluate the antimicrobial effect of the coating and to assess the changes in quality attributes
along 24 days of refrigerated storage. Two trays of each set were prepared, and two replicates for each
sealed package were performed.

Physical characterization of edible coatings

Water vapor resistance (WVR) of cheese pieces was evaluated gravimetrically at 25 °C using a
modified version of ASTM standard method E96-00 (ASTM, 2000). The method and experimental set
up following to determine the water loss of coated cheese pieces was described by Garcia, Jergel,
Conde-Gallardo, Falcony, and Plesch (1998). Cheese cylinders were placed in small test cups (internal
diameter of 2.7 cm and depth of 1.3 cm) and weighed in an analytical laboratory scale (AT261 Delta
Range, Mettler Toledo, Barcelona, Spain). Initial weights of coated cheese pieces were 8.3 £ 0.12 g,
8.4 £ 0.23 g and 8.5 + 0.20 g for coatings with 1.5% OR-EO, 2.0% OR-EO and 2.5% OR-EO,
respectively and 7.8 £ 0.14 g for those uncoated. Cheese cylinders were placed in sealed chambers that
were equilibrated at 33% RH with a saturated MgCI2-6H20 solution (Panreac Quimica SA,
Barcelona, Spain) at 25 °C. Cups weights were recorded at 60 min intervals during 6 h. Weight loss
was calculated by difference using eq.(10) and plotted versus time. Data were analyzed by lineal
regression to obtain the slope (ds/dt) of the curve in g/s. Water activity (a,,) of the coated and uncoated
cheese pieces (0.974 + 0.001 and 0.947 £ 0.001, respectively) was measured twice for each sample
with a water activity meter (Acqualab CX-2, Decagon Devices Inc., Pullman, WA).

WL= W; ~W; eq.(10)

where WL is the weight loss of cheese pieces (in mg); W; and W, are initial and final weights (mg) of cheese
pieces. Afterwards, WVR of the coatings was calculated using a modified Fick’s first law equation as described
in eq.(11) and (13) (Ben-Yehoshua et al. 1985; Kaya and Kaya 2000; Rojas-Grau et al. 2007; Rojas-Grau et al.
2007):

AC = (Pi-P)/(R.-T) eq.(11)
A=mr1((2h+r1) eq.(12)
WVR = (A-AC)/(ds/dy) eq.(13)

where P; - P, is the difference in water vapor pressure (Pa) inside and outside of the cheese piece (P; = a,, of the
cheese x Py). Py is the vapor pressure (Pa) of liquid water at 25°C and P, = partial water pressure in the
environment (with 33.3% RH at 25°C) x Py, expressed in Pa; AC is the concentration of gas (g/cm”) inside and
outside the cheese piece at time t; A is the exposed area of cylindrical cheese pieces (5.65 cm?) taking into
account that only one of the bases was in contact with the environment; (d¢/d,) is the rate of gas exchange (slope)
in g/s; Rc is the universal gas constant (3.46 L-mmHg/K g) and T is the temperature in degrees Kelvin.

77



Materials and Methods

The composition of the headspace of each tray was analyzed with a gas chromatograph
(Varian 490-CG) equipped with a thermal conductivity detector (Micro-GC CP 2002 gas analyzer,
Chromatography Systems, Middelburg, The Netherlands). A 10 mL sample was automatically
withdrawn from the tray headspace atmosphere and injected in the gas chromatograph. The oxygen
(O,) content expressed in percentage was analyzed with a 10 m packed column (CP-Molsieve 5A,
Varian, Middelburg, The Netherlands) at 60 °C and 100 kPa. For quantification of carbon dioxide
(CO,) expressed in percentage, and ethanol (C,HsOH) concentration reported in ppm, a column
PoraPLOT Q (Varian, Middelburg, The Netherlands) (10 m x 0.32mm, df = 10 mm) held at 70 °C and
200 kPa was used.

The color of coated and uncoated cheese pieces was measured with a colorimeter (CR-400,
Konica Minolta Sensing Inc., Osaka, Japan) set up for illuminant D65 and 10° observer angle and
calibrated with a standard white plate. Measurements were taken at room temperature. CIE L*, a* and
b* values were determined and the Whiteness Index (WI1) was calculated through eq. (1).

TPA of cheese pieces was carried out using a texture analyzer (TA-TX2, Stable Micro
Systems, Goldaming, UK) equipped with a 5 kg load cell and the 36R probe, operating with two
compression-decompression cycles and 2 mm-s™ of crosshead speed (Diamantino et al., 2014). The
hardness, cohesiveness, gumminess, elasticity, adhesiveness and chewiness of the cylindrical cheese
pieces were calculated according to Szczeshiak (2002). Eight replicates of each tray were performed at
each sampling time.

Antimicrobial capacity of edible coatings against Staphylococcus aureus

A strain of Staphylococcus aureus (CECT 240) (University of Valencia, Spain) was provided
by the culture collection of the Department of Food Technology, University of Lleida, Spain. The
Staphylococcus aureus culture was kept in slant tubes with Tryptone Soy Agar (TSA) (Biokar
Diagnostics, France) at 5 °C. The strain was then inoculated in Tryptone Soy Broth (TSB) (Biokar
Diagnostics, France) and incubated at 35 °C, 200 rpm for 6 h, to obtain cells in stationary growth
phase. The inoculum concentration was diluted from 10° CFU/mL to 10° CFU/mL for cheese
inoculation. Cheese pieces ( 10 g) were inoculated with 50 uL aliquots of the culture and left dry for
20 min. Cheese pieces were coated with nanoemulsions that contained OR-EO, packed in heat sealed
PP trays and stored at 4°C for 15 days. In order to corroborate that no one of the other components of
edible coating had also antimicrobial activity, nanoemulsions containing corn oil instead of OR-EQ in
the same concentrations were prepared and applied onto cheese pieces. The content of each tray (10 g)
was put into a sterile stomacher bag (Strainer bag stomacher® lab system, Seward, UK) with 90 mL of
buffer peptone (Biokar Diagnostics, France). Bags were homogenized for 1 min in a Stomacher
blender (BagMixer®, Interscience, France). Serial dilutions with saline peptone (Peptic Digest of meat
USP, Biokar, Diagnostics, France) were prepared and spread onto Baird-Parker agar (BP) (Biokar
Diagnostics, France). Plates were incubated at 37 °C for 48 h and colonies were counted. Results were
expressed as logig CFU/g. Psychrophilic bacteria and molds and yeasts growth in cheese pieces was
examined along 24 days under refrigeration. Cheese samples of 10 grams randomly chosen in aseptic
conditions were put into sterile bags with 90 mL of peptone buffer (Biokar Diagnostics, France). Bags
were homogenized for 1 min in a Stomacher blender (BagMixer®, Interscience, France). Serial
dilutions with saline peptone (Peptic Digest of meat USP, Biokar, Diagnostics, France) were prepared,
and 100 pL were spread onto Plate Count Agar (PCA) (Biokar Diagnostics, France) and Cloranfenicol
Glucosa Agar (CGA) (Biokar Diagnostics, France) for psychrophilic bacteria and molds and yeast
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counts, respectively. PCA plates were incubated at 4 °C for 15 days, whereas CGA plates were
maintained at room temperature during 5 days. Afterwards, colonies were counted and the results were
expressed as log;o CFU/g.

Statistics

All the experiments were assayed in duplicate, and at least three replicate analyses were
carried out for each parameter. SigmaPlot 11.0 Systat Software was used to perform the analysis of
variance. Tukey test was chosen to determine significant differences among treatments, at a 5%
significance level.

Correlation analyses were performed with statistical analysis software (JMP Pro 12, Statistical
Discovery™, North Carolina, USA).
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CHAPTER 1. Influence of essential oils and pectin on nanoemulsion
formulation: a ternary phase experimental approach
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Abstract

A pseudo-ternary phase experimental approach was used to model the influence of the mixture
components concentration on the nanoemulsions properties as ternary systems. For this, several types
of essential oils (EO) were used as lipid phase, being oregano (OR-EQO), thyme (TH-EO), lemongrass
(LG-EO) and mandarin (MN-EO), while pectin and Tween 80 were studied as emulsifiers. All
formulations were processed by microfluidization at 150MPa and 5 cycles. Polynomial models were
fitted to experimental data and their adjusted R* and p-values were obtained. Remarkably, a pectin
concentration of 1 % (w/w) allowed the formation of submicron emulsions between 350 and 850 nm in
the absence of Tween 80 for all the studied EOs, thus confirming its emulsification capacity. In
general, increasing the pectin concentration up to 2 % (w/w) enlarged the particle size of emulsions
and their viscosity thus suggesting decreased emulsification efficiency during microfluidization.
Nonetheless, nanoemulsions with particle sizes below 500 nm were obtained when a minimum Tween
80 concentration of 1.8% (w/w) was used, regardless the pectin or EO concentrations. The modest
decrease in the (-potential that was observed depending on the type of EO at increasing pectin
concentrations indicated that pectin is not or weakly adsorbed at the oil-water interface. All
nanoemulsions were transparent at high concentrations of surfactant and low EO concentrations due to
a weak light scattering of the nano-sized oil droplets. Thus, this work contributes in elucidating the
role of pectin and small molecule non-ionic surfactants on the formation of submicron emulsions and
nanoemulsions containing essential oils.

Keywords: Nanoemulsions, essentials oils, droplet size, {-potential, pseudo-ternary phase diagram.
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1. Introduction

Essential oils (EOs) are natural compounds that contain a complex mixture of terpenoids, with
non-volatile and volatile nature produced by aromatic plants as secondary metabolites (Fisher &
Phillips, 2008; Salvia-Trujillo, Rojas-Graul, Soliva-Fortuny, & Martin-Belloso, 2014). EOs have been
traditionally used as natural flavorings and more recently as natural antimicrobials for food
preservation (Guerra-Rosas et al., 2016). Due to their lipophilic nature, they are able to interact with
biological membranes of microbial cells causing the leakage of cytoplasmatic content and the
subsequent cell collapse (Burt, 2004; Guerra-Rosas et al., 2016). Besides the benefits of adding EOs to
food matrices, their poor water solubility, their intense aroma or their potential toxicity at high
concentrations needs consideration (Svoboda, Brooker, & Zrustova, 2006). Therefore, the design of
adequate delivery systems able to encapsulate, protect and release lipophilic bioactive compounds into
food matrices more efficiently represents a challenge for the food technology field.

Recently, nanoemulsions have been described as colloidal dispersions of oil droplets with
particle size diameters lower than 500 nm, which are suspended within an aqueous phase (Otoni,
Avena-Bustillos, Olsen, Bilbao-Sainz, & McHugh, 2016). Nanoemulsions seem to be a promising tool
for incorporating antimicrobial EOs in foods and they have been reported to present several potential
advantages in comparison with conventional emulsions. Nanoemulsions present a higher active
surface area/volume ratio due to their small droplet size, thus enhancing the transport of active
compounds through biological membranes. Therefore, the use of nanoemulsions as carriers of
antimicrobial essential oils would allow reducing the concentration to be used in order to achieve
equivalent microbial inactivation levels of those of conventional emulsions or bulk oils. This, would
help overcoming the low threshold values of essential oil incorporation for consumer acceptance
(McClements, 2012; Salvia-Truijillo et al., 2014a; Solans, Izquierdo, Nolla, Azemar, & Garcia-Celma,
2005).

The fabrication of nanoemulsions requires the use of surfactants in order to stabilize the oil
droplets in the aqueous phase. Surfactants are able to adsorb at the oil-water interface thus lowering
the interfacial tension of oil in water, which facilitates the emulsification process and prevents
different destabilization phenomena such as aggregation, flocculation or coalescence (Kralova &
Sjoblom, 2009). In addition, natural biopolymers are gaining importance for their use as emulsifiers
and thickening agents. The increase in viscosity of the aqueous phase prevents the destabilization of
emulsions and nanoemulsions due to a diminished gravitational movement of oil droplets, which may
retard or avoid droplets coalescence (Guerra-Rosas et al., 2016). However, some biopolymers may
also present surface active properties thus having emulsifying capacity. For instance, pectin is a
natural biopolymer mainly present in fruits and vegetables that has shown certain adsorption capacity
at oil-water interfaces and may enhance the stability of emulsions (Alba & Kontogiorgos, 2017; Chan
et al., 2017; Ozturk & McClements, 2016). The lipid fraction also plays an important role in the
physicochemical properties, which depend on the characteristics of the different EOs including their
chemical composition and the hydrocarbon chain length (Hopkins, Chang, Lam, & Nickerson, 2015).
In fact, it is reported that short chain fatty acids, such as EOs, are prone to destabilization phenomena
due to Oswald ripening effect since they consist on an aromatic carbon ring, which makes them
slightly water-soluble oils (Suriyarak & Weiss, 2014). In this context, differences between
nanoemulsion stability incorporating different EOs may be rather affected by their chemical
composition (Salvia-Trujillo, Rojas-Grall, Soliva-Fortuny, & Martin-Belloso, 2015a).

88



Publications: Chapter |

The selection of the appropriate concentration of each individual ingredient in the formulation
of nanoemulsions is of crucial importance in order to obtain systems with the desired physicochemical
characteristics (Salvia-Trujillo, Rojas-Grail, Soliva-Fortuny, & Martin-Belloso, 2014b). Building
conventional pseudo-ternary phase diagrams has been explored as a strategy to optimize the
formulation of multi-component emulsions. However, determining the region where nanoemulsions
are formed requires performing a large number of experimental combinations and formulations.
Oppositely, the ternary phase experimental design, and specifically D-optimal models, is a
methodology which allows to evaluate the effect of multiple factors, alone or in combination, with a
minimum number of experiments (Ramsey, 1997; Salvia-Trujillo et al., 2014b). Consequently, the
combination of pseudo-ternary phase diagrams and response surface methodologies can improve the
understanding of the influence of the emulsion components concentration and their interactions as well
as predicting optimized multi-component formulations with controlled physicochemical and functional
properties (Ren, Mu, Alchaer, Chtatou, & Millertz, 2013). To the best of our knowledge, there is a
lack of research works using this strategy for the formulation of nanoemulsions containing several
emulsifying agents, such as Tweens and pectin. This would allow to fully map the behavior of the
different components and their interactions on nanoemulsion characteristics.

Thus, the aim of this work was to study the influence of four different essential oils (EOs) such as
oregano (OR-EQ), thyme (TH-EO), lemongrass (LG-EO) and mandarin (MN-EO) essential oils on the
properties (oil droplet size, {-potential, viscosity and whiteness index) of nanoemulsions. Moreover,
the use of a small molecule surfactant (Tween 80) and a natural biopolymer (pectin) were studied as
emulsifiers.
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2. Material and Methods

2.1. Materials

Oregano (Origanum compactum), thyme (Thymus vulgare) and lemongrass (Cymbopogon
citratus) essential oils (EOs) were purchased from Essential’aroms® (Dietetica Intersa, Lleida, Spain)
and had a 100% purity. Oregano EO was composed of 26-45% carvacrol, 9-30% thymol, 9-26% p-
cymene, 12-20% y-terpinene and traces of a-terpinene and p-mircene. Thyme EO mainly contained
thymol (30-47%) and p-cymene (15-35%) with traces of carvacrol and linalool. Lemongrass had 39-
47.1% of geranial, 28.9-35.7% of neral, 0.5-8.3% of limonene, 0.9-6.9% of geranyl acetate, 0-5.3% of
geraniol and traces of citronelol, eugenol and linalool among others. Mandarin EO (Citrus reticulata)
100% pure, was kindly donated by Indulleida, S.A. (Lleida, Spain) and contained 74.4% of D-
limonene, a 13.6% of oxygenated monoterpenes and traces of cis-oxide limonene, cis-para-mentha-
2,8-dien-1-ol, carvone, trans-carveol and and z-patchenol (>1%). Food-grade high methoxyl pectin
(Unipectine QC100 from citrus source) with a degree of methylesterification (DM) from 69 to 75%
and a particle size of the dry powder at least 99% less than 315 pm (ASTM Screen N°45) was kindly
provided by Cargill Inc. (Reus, Spain). Tween 80 (Polyoxyethylenesorbitan Monoesterate) (Lab
Scharlab, Barcelona, Spain) was used as food-grade non-ionic surfactant. Ultrapure water, obtained
from Millipore Milli-Q filtration system (0.22um) was used for the formulation and analysis of
nanoemulsions.

2.2. Pseudo-Ternary Phase Experimental Design

An experimental mixture design, specifically a D-optimal design, was used to study the
influence of the essential oil (EO), Tween 80 and pectin concentrations on the oil droplet diameter
(nm), {-potential (mV), viscosity (mPa:-s) and color of emulsions. For the experimental design, the
software Design Expert 7.0.0 (Stat Ease Inc., Minneapolis, MN) was used. Posteriorly, pseudo-ternary
phase diagrams were built in order to predict and identify the regions where stable nanoemulsions are
formed. Firstly, for the experimental design setup, the concentration of each component was set
according to the following constraints expressed as weight fraction in the aqueous phase (% w/w): 0.12
< EO <1 in case of OR-EO and TH-EO but 0.1 < EO < 2 for LG-EO and 0.05 < EO < 3 in case of
MN-EO; 0 < Tween 80 < 6, 1 < pectin < 2 and for all the cases: EO + Tween 80 + pectin +water = 1.
The minimum concentration of EO was set above its minimum inhibitory concentration against the
most common pathogenic microorganisms that proliferate in foods such as Escherichia coli, Listeria
monocytogenes or Staphylococcus aureus (Burt, 2004; Hammer, Carson, & Riley, 1999), whereas the
maximum concentration was set regarding the toxicity of EOs at high concentrations (Svoboda et al.,
2006). Tween 80 concentration was set to reach a maximum oil:surfactant ratio of 1:3 (expressed in
weight), which ensures that enough surfactant molecules are available to be adsorbed at the oil-water
interface (Qian & McClements, 2011; Salvia-Trujillo et al., 2014b). Pectin is generally recognized as
safe (GRAS) thus its only limitation regarding its addition to nanoemulsions is the increase of
viscosity of the mixtures in order to pass through the microfluidizer (Laurent & Boulenguer, 2003).

After running the statistical software, a series of mixture combinations were generated as an
output of the D-optimal design. All oil-in-water emulsions were prepared in random order and
analyzed the same day of preparation without further storage. Three replicate analyses of each
formulation and physicochemical parameter were performed, and the mean value with its
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corresponding standard deviation was calculated and used for modeling. The empirical data of the
experimental designs related with high methoxyl pectin, Tween 80 and EOs — oregano (OR-EO),
thyme (TH-EO), lemongrass (LG-EO) and mandarin (MN-EO)- are shown in the supplementary
material (Tables 2, 3, 4 and 5). Afterwards, experimental data were represented graphically with
pseudo-ternary phase diagrams and modeled with a Scheffe polynomial equation (Eq. 1) for the four
components — EO, Tween 80, Pectin and water- in each formulation. Nevertheless, in some cases data
did not follow a normal distribution and a power transformation recommended by de Box-Cox method
was needed to stabilize variance and improve the validity of measures of association between variables
(Table 1). A power transform is a family of functions that are applied to ensure the usual assumptions
for linear model hold (P. Li, 2005). The statistical significance of the models for each response was
evaluated regarding their adjusted R” and p-values that were obtained through the ANOVA analysis.

Y =Y BA+TYY BiiAB+HY YD Bk ABCHY > Y BijmABCD eq.(1)

where Y is the response variable, i, j and k are the number of ingredients in the mixture, B; is the first-order
coefficient, P;; is the second-order coefficient, B is the third-order coefficient, Bjqis the fourth-order
coefficient...; A,B, C and D are the corresponding EO, Tween 80, pectin and water concentrations, respectively.

Contour plots obtained from the ternary phase diagrams were generated by setting the
concentration of water at 0.98 (Figures 1, 3, 4 and 5). However, for contour plots of particle size,
water content was also fixed at 0.94 to highlight the regions where smallest particle sizes values were
found (Figure 2).
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Table 1. Coded polynomial equation coefficients: A essential oil, B Tween 80, C pectin and D water; of the Scheffe model for L-pseudo-components and statistical
significance of droplet diameter (nm), { —potential (mV), viscosity (mPa-s) and whiteness index.

Mean Droplet A B C D AB AC AD BC BD CD ABC ABD ACD BCD R? p-value
diameter
Oregano 1317.37 317.93 11054.58  537.70 9784.96 2.97-10° -1040.29 -13580.21 -646.58 -11532.48 -4.66-10° -29870.35 -3.72-10° 15963.93 0.98895 0.0123
Thyme -598.90  -6.95 2215.25 532.81 - - - - - - - - - - 0.6184 0.0053
Lemongrass -2548.84 548.13 -11501.86  510.02 371.28 31677.86 5365.65 11692.84  -1239.98 13109.77 - - - - 0.9714  0.0057
Mandarin (log,y)" 18.91 3.37 -42.66 2.75 -30.12 22.50 -20.44 51.55 -4.80 52.00 - - - - 0.9435  0.0089
{ -potential A B C D AB AC AD BC BD CD ABC ABD ACD BCD R? p-value
Oregano 43.71 -8.05 -18.72 -15.38 - - - - - - - - - - 0.7645  0.0002
Thyme 27.34 -14.69 4.19 -16.36 - - - - - - - - - - 0.4985  0.0257
Lemongrass -72.70 -3.50 -460.82 -13.62 39.27 783.87 121.35 469.41 -22.43 470.55 - - - - 0.8952  0.0459
Mandarin 5.57 -12.22 -12.27 -11.18 - - - - - - - - - - 0.4689  0.0364
Viscosity A B C D AB AC AD BC BD CD ABC ABD ACD BCD R? p-value
Oregano (log;y)”  1.59 1.37 8.46 1.12 - - - - - - - - - - 0.9805 <0.0001
Thyme 333.65 28.52 8813.87 24.33 -229.23  -9788.36 -467.55 -8601.44 -41.96 -8873.03 ) i i i 0.0926 < 0.0001
Lemongrass -329.92  8.82 7751.40 13.24 423.89 -6681.54 440.31 -7423.38 28.59 -7813.82 i i i i 09973 0.0003
Mandarin 326.02 -3.25 8906.58 13.66 -369.29  -9011.88 -360.27 -8509.85 71.63 -9025.94 0.9939  0.0031
Whitenessindex A B C D AB AC AD BC BD CD ABC ABD ACD BCD R? p-value
Oregano 1153.49 36.82 -937.01 33.111 -1440.65 560.80 -868.00  1065.83 -50.96 1092.75 - - - - 0.9777 0.0009
Thyme 484.29 60.26 -1128.68 37.005 -819.41  2001.38 -246.52  1144.33 -102.39  1326.46 - - - - 0.9315 0.0026
Lemongrass -258.32  67.42 -2007.32 37.067 122.63 3504.76  582.78 2092.66 -131.97  2211.07 - - - - 0.9531 0.0015
Mandarin 334.22 69.14 144.34 53.88 -537.67 -247.98  -269.28  -297.99 -149.81  -56.90 - - - - 0.9580 0.0138

*Required log,o transformation recommended by the Box-Cox method.
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A: Oregano . A: me
o0 Design-Experi® Scftware g‘&

0.0088 0.0012 0.0188 i
B: Tween C: Pectin B: Tween C: Pectin

0.009 0.001 0.019 0.005 0.005 0.015
B: Tween C: Pectin B: Tween C: Pectin

Figure 1 Contour plots of average droplet diameter (nm) of mixtures containing four different EOs:
oregano oil (A), thyme oil (B), lemongrass (C) and mandarin oil (D), Tween 80 as surfactant and pectin. In
the contour plots the water content was set at 0.98.
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A: Oregano Design Expert® Soft A: Thyme

0.0488 0.0012 0.0588 0.0488 0.0012 0.0588
B: Tween C: Pectin B: Tween C: Pectin

0.049 0.001 0.059 0.045 0.005 0.055
B: Tween C: Pectin B: Tween C: Pectin

Figure 2. Enlargements of the contour plots of average droplet diameter (nm) of mixtures containing four
different EOs: oregano oil (A), thyme oil (B), lemongrass (C) and mandarin oil (D), Tween 80 as
surfactant and pectin. In the contour plots the water content was set at 0.94.
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A: Oregano A:
001 Design Expert® Softwere Y

B: Tween
C: Pecfin

038

0.0088 0.0012 0.0188 0.0088 0.0012 0.0188
B: Tween C: Pectin B: Tween C: Pectin
Z potential Z potential
A: Mandarin
0.01

0.009 0.001 0.019 0.005 0.005 0.015
B: Tween C: Pectin B: Tween C: Pectin

Z potential Z potential

Figure 3. Contour plots of { -potential (mV) of mixtures containing four different EOs: oregano oil (A),
thyme oil (B), lemongrass (C) and mandarin oil (D), tween 80 as a surfactant and pectin. The water
content was set at 0.98.
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A: Oregano < A: Thyme
0.01 Design-Experi® Software 0.01

0.0088 0.0012 0.0188 0.0088 0.0012 0.0188

B;. Tween C: Pectin B Tween C: Pectin
Viscosity
A: Mandarin
0.01 D

B: Tween C: Pectin

Figure 4. Contour plots of viscosity (mPa-s) of mixtures containing four different EOs: oregano oil (A),
thyme oil (B), lemongrass (C) and mandarin oil (D), tween 80 as surfactant and pectin. The water content

was set at 0.98.
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A: Oregano A: Thyme
A 0.01 Design-Expert® Software 0.01 B
796882
263555
A EO
B: Tween
C: Pecfin
Actual Component
D: Water = 0.98
0.0088 0.0012 0.0188
% 0.0088 0.0012 0.0188
BT & Kot B: Tween C: Pectin
olor Color
A: Mandarin
0.01 D

0.009 0.001 0.019 0.005 0.005 0.015
B: Tween C: Pectin B: Tween C: Pectin

Color Color

Figure 5. Contour plots of color (W1) of mixtures containing four different EOs: oregano oil (A), thyme oil
(B), lemongrass (C) and mandarin oil (D), tween 80 as surfactant, and pectin. The water content was set at
0.98.

2.3. Nanoemulsions formation

All the formulations used for the D-optimal experimental design were prepared and their
physicochemical properties tested. To achieve this, powdered pectin was added slowly to ultrapure
water at 70°C until its total dissolution and stored under refrigeration overnight to ensure the complete
hydration of the biopolymer. Afterwards, a lipid phase was formed by adding the required Tween 80
amount to the corresponding EO. Then, the lipid phase and the aqueous phase were mixed by using a
laboratory mixer (T25 digital Ultra-Turrax, IKA, Staufen, Germany) at 9600 rpm and 2 minutes,
which led to the formation of a coarse emulsion. Nanoemulsions were obtained by passing the coarse
emulsions through a microfluidizer (M-110P, Microfluidics, USA) at 150 MPa for 5 cycles (Qian &
McClements, 2011) and were cooled down at the outlet of the microfluidization unit through an
external coil immersed in a water bath with ice, so that temperature was kept at 10 °C.
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2.4. Nanoemulsions characterization

2.4.1. Particle Size and {-Potential

The emulsion droplet diameter (Z-average in nm) was measured by dynamic light scattering
technique (DSL) with a Zetasizer laser diffractometer (NanoZS, Malvern Instruments Ltd.,
Worcestershire, UK) working at 633 nm at 25 °C and equipped with a back- scatter detector (173°)
(Brar & Verma, 2011). Average droplet diameter (nm) and size distribution curves in intensity (%)
were used to characterize the nanoemulsions. Particle size was calculated with the Mie Theory, which
correlates the Brownian motion of the dispersed particles with their particle size by using the optical
properties of the oil and the aqueous dispersant phase. Refractive indexes of OR-EO, TH-EO, LG-EO
and MN-EO measured with a refractometer (ABBE-2WAJ, optic ivymen system®, Comecta SA,
Barcelona, Spain) were 1.501, 1.497, 1.484 and 1.475, respectively; and their absorbance measured
with a spectrophotometer (Jasco V-670, Tokyo, Japan) at 633 nm were 0.002, 0.002, 0.024 and 0.004,
respectively.

The electrophoretic mobility of oil droplets, also reported as {-potential (mV), was measured
by phase analysis light scattering (PALS) with a Zetasizer laser diffractometer (NanoZS, Malvern
Instruments Ltd., Worcestershire, UK). It determines the surface charge at the interface of the droplets
dispersed in the aqueous solution. Samples were diluted prior to particle size and C-potential
measurements in ultrapure water with a dilution factor of 1:9 sample-to-dilutant.

2.4.2. Viscosity

A vibro-viscometer (SV-10, A&D Company, Tokyo, Japan) vibrating at 30 Hz was used to
measure the viscosity (mPa-s) of 10 mL aliquots of the emulsions. Moreover, the viscosity of water,
which was used as dispersant phase, was 0.89 mPa-s. The viscosity of water was considered as the
viscosity of the aqueous phase for the particle size measurements, conducted at 25 + 2 °C.

2.4.3. Whiteness Index

The color of emulsions and nanoemulsions was measured with a colorimeter (Minolta CR-
400, Konica Minolta Sensing, Inc., Osaka, Japan) at room temperature set up for illuminant D65 and
10° observer angle and calibrated with a standard white plate (Y=94.0; x=0.3133; y=0.3194). CIE L*,
a* and b* values were determined, and the whiteness index (WI) was calculated with Eq. 2 (Salvia-
Trujillo et al., 2013b):

WI= 100-((100-L)*+(a’+b%))%° eq.(2)
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3. Results and Discussion

3.1. Particle Size

The experimental values for the average oil droplet size of emulsions containing OR-EO, TH-
EO, LG-EO and MN-EO are shown in the supplementary material (Tables 2, 3, 4 and 5, respectively);
and the coefficients of the polynomial equation regarding particle size are shown in Table 1. On the
one hand, a special cubic model fit the droplet size diameter experimental values of OR-EO whereas a
linear or a quadratic model without transformations was needed for nanoemulsions containing TH-EO
or LG-EO, respectively. On the other hand, for nanoemulsions with MN-EO, a quadratic model with a
logyo power law transformation was required. The polynomial model to predict the particle size for
each type of oil was statistically significant (p-values < 0.01) and with a good fit as indicated by the
coefficients of determination (RZ) for OR-EO, LG-EO and MN-EO formulations with values of 0.99,
0.97 and 0.94, respectively; being lower in nanoemulsions containing TH-EO (0.62). The minimum
average droplet size observed for OR-EO, TH-EO, LG-EO and MN-EO nanoemulsions was 120 + 9,
113 + 3, 146 £ 6, and 29 £ 1 nm, respectively.

Contour plots obtained from the ternary phase diagrams regarding particle size were
represented setting the concentration of water at 0.98 to facilitate the visualization of the data in a two-
dimensional plane (Figure 1). However, in order to highlight the regions in which smallest particle
size values were found, enlargements of Figure 1 were also represented setting the water concentration
to 0.94 (Figure 2). Tween 80 is a low-mass surfactant, which has a molar mass of 1.310 g/mol and
rapidly coats the surface of the created oil-water interface during emulsification (Kralova et al., 2011;
Salvia-Trujillo et al., 2014b). Therefore, there must be enough amounts of surface-active molecules to
cover the surface area of oil droplets generated during the formation of hanoemulsions (Acevedo-Fani,
Salvia-Trujillo, Rojas-Grall, & Martin-Belloso, 2015). In this regard, the higher the concentration of
surfactant, the lower the particle size would be, which is in accordance with previous works (Kralova
& Sjéblom, 2009). However, a remarkable decrease in nanoemulsion particle size when concentration
of Tween 80 increased only was observed in the contour plot of LG-EO. Actually, which it is shown in
Figures 1 and 2 is the formation of submicron nanoparticles (350-850 nm) with concentrations of
pectin between 1 and 2% w/w even in absence of surfactant. This highlights the capacity of pectin to
act as emulsifier. Furthermore, in contrast with LG-EO nanoemulsions, in Figures 1A, 1B and 1D
(OR-EO, TH-EO and MN-EO, respectively) the isolines are oriented parallely to the pectin axis,
which means that the particle size was mainly dominated by pectin concentration. This affirmation
agrees with positive coefficients in the pectin concentration for the OR-EO, TH-EO and MN-EO
nanoemulsions (Table 1). It is considered that the higher the magnitude of the coefficient parameter of
the corresponding terms in the fitted equation, the higher the response effect on the measured
parameter (Salvia-Trujillo et al., 2014b). In this regard, an increase in pectin concentration in the
aqueous phase caused the enlargement of nanoemulsion particle size of OR-EO, TH-EO and MN-EO
nanoemulsions, which might be caused by a number of reasons. Firstly, the increase in biopolymer
concentration may raise the viscosity of the continuous phase and therefore low the efficiency of the
microfluidizer device in reducing the oil droplet size (Schmidt, 2016). Secondly, pectin might present
certain surface activity at oil-water interfaces since it contains functional units including acetyl and
methyl groups. Some authors have demonstrated a direct relationship between the DM and
emulsifying capacity of citrus pectin by increasing the DM from ~70% to ~80% (Schmidt et al., 2017).
These groups with interfacial activity are able to act as hydrophobic anchors that facilitate adsorption
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of pectin chains at the interface resulting in reduction of interfacial tension (Alba & Kontogiorgos,
2017). Hence, pectin chains present in the bulk aqueous phase can compete with Tween 80 molecules,
and cause the displacement of these previously-adsorbed surface active species (Jafari, He, &
Bhandari, 2007a). And finally, pectin molecules have shown to induce depletion flocculation and
subsequent coalescence in emulsions, thus causing an increase in nanoemulsions particle size
(McClements, 2005; Neumann, Schmitt, & lamazaki, 2003; Robins, 2000).

In general, the EOs concentration did not dominate the nanoemulsion particle size especially
in the case of MN-EO nanoemulsions, where isolines were closely perpendicular to the oil axis. Thus,
differences among the droplet size of EOs-loaded nanoemulsions has been attributed to different
chemical composition of the volatile compounds forming each oil phase (supplementary material
Figure 6) (Guerra-Rosas et al., 2016; L. Salvia-Trujillo et al., 2015a). Principally OR-EO and TH-EO
nanoemulsions, whose major components carvacrol and thymol contain a phenolic group, are prone to
suffer Ostwald ripening since are highly water soluble. During this process larger droplets grow at the
expense of smaller ones leading to an increase of mean droplet diameters of emulsions (Zeeb et al.,
2012). Nonetheless, LG-EO nanoemulsions have been reported to be stable against Ostwald ripening
(Guerra-Rosas et al., 2016) and pectin seems to contribute positively in their emulsification. In fact,
positive coefficients of the quadratic terms of LG-EO nanoemulsions indicate a synergistic effect
among oil concentration and the other three components or between Tween 80 and pectin (Ramsey,
1997; Salvia-Truijillo et al., 2014; Cornel, 2002). Being the largest coefficient that of the interaction
between the essential oil (component A) and pectin (component C) with an AC value of 31677.86
(Table 1).

3.2. {-potential

The electrical charge experimental values of OR-EO, TH-EO, LG-EO and MN-EO
nanoemulsions are shown in the supplementary material (Tables 2, 3, 4 and 5, respectively). The (-
potential varied significantly depending on the concentration of the different components of the
emulsions and the type of oil used. They ranged between values around -5 + 1 mV and -18 £ 2 mV
depending on the type and concentration of EO used and the concentration of pectin.

A linear model was fitted to experimental data in all cases except for the emulsions with LG-EQ, in
which a quadratic model was used. The p-values and a R?for the four types of formulations are shown
in Table 1. Consistently, the negative coefficients for Tween 80 (-8.05; -14.69; -3.50 and -12.22; in
case of using OR-EO, TH-EO, LG-EO and MN-EO, respectively) as well as pectin coefficients of -
18.72, 4.19, -460.82 and -12.27 (OR-EO, TH-EO, LG-EO and MN-EO, respectively), indicated their
contribution to decrease the {-potential of the emulsions and nanoemulsions. On the one hand, it is
known that, in the absence of any anionic biopolymer, non-ionic surfactants such as Tween 80 may
confer negative charge to oil droplets probably due to the orientation towards the oil/water interface of
OH ions from the aqueous phase or HCO; and CO;* ions from the dissolved atmospheric CO,
(Marinova et al., 1996). Moreover, since Tween 80 is a small molecule surfactant, it adsorbs at the
oil/water interface very quickly stabilizing the newly created oil droplets. On the other hand, pectin is
a linear polysaccharide consisting of covalently linked galacturonic acid (GalA) units with methylester
groups along the backbone. The ionization of the carboxylic groups of the methyesters contributes to
the negative charge of pectin (D. Lin, Lopez-Sanchez, & Gidley, 2016). It has been recently described
that pectin may adsorb at the oil/water interface but the exact mechanism of adsorption still needs to
be elucidated (Alba & Kontogiorgos, 2017). In this regard, a different behavior of the emulsion (-
potential was observed after the addition of pectin into the system depending on the type of EO
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(Figure 3). In the contour plots of TH-EO and MN-EO, (-potential values remained practically
unaltered after increasing the concentration of pectin from 1 to 2% wi/w, ranging from -12 to -15 mV
(Figure 3B) and from -10 to -11 mV (Figure 3D), respectively. This suggests that, despite the anionic
nature of pectin, it may not be adsorbed at the oil/water interface due to a preferential adsorption of
Tween 80 at the oil droplet surface. Oppositely, contour plots of OR-EO and LG-EO showed a
decrease of {-potential values becoming more negative with an increase in the concentration of pectin.
For instance, the {-potential of OR-EO or LG-EO nanoemulsions decreased from -10 to -15 mV
(Figure 3A) or from -9 to -15 mV (Figure 3C), respectively, with an increase of the pectin
concentration from 1% to 2% w/w. This suggests that pectin might have been partially adsorbed at the
oil/water interface with its hydrophilic part in the continuous water phase and the hydrophobic part in
contact with the oil drops (Nambam & Philip, 2012). This is in accordance with other studies that had
described a competitive adsorption between negative biopolymers and low mass surfactants on the
oil/water interface. If the concentration of surfactant molecules is not enough to cover the oil water
interface, it might lead the adsorption of polymer molecules conferring a more negative (-potential
(Gasa-Falcon et al., 2017; Goddard, 2002; Salvia-Trujillo et al., 2014b).

3.3. Viscosity

The viscosity values are presented in the supplementary material (Tables 2, 3, 4 and 5 for OR-
EO, TH-EO, LG-EO and MN-EO, respectively). A linear model with a log;, transformation power
law, recommended by the Box-Cox method was successfully fitted experimental data of OR-EO
nanoemulsions (Table 1). Those formulations showed p-values lower than 0.0001 and a R® value
higher or equal than 0.98. However, TH-EO, LG-EO and MN-EO fitted to a quadratic model that was
based on R? values of 0.99 and p-values statistically significant (< 0.01).

The apparent viscosity values ranged from 19.9 + 0.4 to 129.3 + 0.5 mPa-s, from 24.9 + 0.5 to
197 £ 3 mPa s; from 15.15 £ 0.4 to 137 + 7 mPa-s and from 12.98 + 0.05 to 147 + 1 in case of using
OR-EO, TH-EO, LG-EO and MN-EO, respectively. In fact, the parallel trend of OR-EO, TH-EO, LG-
EO and MN-EO contour lines regarding the segment between EO and Tween 80 vertexes indicates a
poor influence of these compounds on the nanoemulsion viscosity. Nonetheless, specifically in the
case of LG-EO nanoemulsion a slight decrease of viscosity was observed when the concentration of
surfactant increased (Figure 4C), which was linked with a smaller particle size in those regions (Figure
1C). It is well known that an increased concentration of surfactant may lead to a decrease in the
particle size (Tadros et al., 2004) and this might have an impact on emulsion viscosity (McClements &
Rao, 2011). In addition to this, MN-EO nanoemulsions, present lower overall viscosity values (Figure
4D) in comparison with the rest of the EOs, being also the ones having the smallest droplet sizes
(Figure 1D). Thus, the lower viscosity values due to smaller droplets might be attributed to the higher
flow properties when a stress is applied. In fact, droplet size has been reported to impact the rheology
of emulsions and depends on the properties of the dispersed phase (Pal, 2000). Despite this, our results
suggest that nanoemulsion viscosity was mainly determined by pectin concentration as the contour
plot isolines are almost parallel to the pectin concentration axis. In this regard, at increasing the weight
fraction of pectin in the aqueous phase from 1 % (w/w) to 2 % (w/w) for a given concentration of
Tween 80 (6 % w/w) and any concentration of EO, the apparent viscosity remarkably increased
regardless the type of EO (supplementary material, Tables 2, 3, 4 and 5). Guerra-Rosas et al. (2016)
also observed that the higher the concentration of pectin, the higher its viscosity due to the thickening
properties of pectin, which are related with its ability to holding high quantities of water. In this
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regard, free pectin molecules in the aqueous phase are able to form gel-like structures, thus increasing
the viscosity of the aqueous media (Hansen, Arnebrant, & Bergstrom, 2001).

3.4. Whiteness Index

The whiteness index of the blends understood as an indicator of their milky appearance ranged
between 25.9 + 0.1 and 79.69 £ 0.02 (supplementary material, Tables 2, 3, 4 and 5 for OR-EO, TH-
EO, LG-EO and MN-EO, respectively) depending on the formulation. That is, the higher the WI, the
whiter, and the lower the WI, the more transparent (Salvia-Trujillo et al., 2013b). A quadratic model
was fitted to experimental results of all the nanoemulsions regardless the EO used, which was
statistically significant with a R? values above 0.93 and p values of 0.0009, 0.0026, 0.0015 and 0.0138
for OR-EO, TH-EO, LG-EO and MN-EO respectively (Table 1).

The contour plots of the whiteness index were characterized by their curved isolines, which
indicate its dependency to multiple variables (Figure 5A, 5B, 5C and 5D). In this regard, the color of
these blends was significantly affected by Tween 80 and EOs concentration. Our results evidenced
that the transparency of the EOs nanoemulsions diminished when increasing the oil amount or
decreasing the Tween 80 concentration (supplementary material, Tables 2,3,4 and 5), which is in
agreement with a previously reported work by Rao & McClements (2011). In fact, it was reflected by
the negative coefficients of the quadratic terms AB and BD in the polynomial equation (Table 1).

It is known that emulsion whitish appearance is due to the light scattering of the oil droplets.
In turn, light scattering of oil droplets depends fundamentally on the refractive index of continuous
(water) and dispersed phase (oil), oil concentration and droplet size (McClements, 2002a, 2002b).
Therefore, OR-EO nanoemulsions, with the highest refractive index, were those less transparent. In
MN-EO contour plot parallel isolines to Tween 80 axis indicate the strong influence of surfactant
concentration on the whiteness index of nanoemulsions. Thus, WI of MN-EO nanoemulsions
decreased while increasing concentrations of Tween 80 regardless EO or pectin concentration. This
can be related to the small particle sizes (29-260 nm) of MN-EO nanoemulsions at high concentrations
of Tween 80. The whiteness index is closely correlated with the particle size of nanoemulsions since
larger particles scatter the light more intensively causing an increase in the lightness, opacity and
whiteness index of emulsions (Rao & McClements, 2011a).

4. Conclusions

The present work reveals that the pseudo-ternary phase experimental design based on a
response surface methodology is useful to obtain significant information about the behavior of the
individual components on the formation of nanoemulsions containing lipophilic functional
compounds, such as EOs. In all cases, linear, quadratic or special cubic models successfully fit
experimental data to describe the behavior of the mixtures. In general, the EOs concentration did not
dominate the nanoemulsion particle size, being rather the Tween 80 and pectin concentrations the
determining factors. A minimum concentration of Tween 80 of 1.8 % (w/w) was needed to obtain
particle sizes in the nano-range (d < 500 nm). This work also evidenced the role of pectin as emulsifier
in the absence of small molecule surfactants, since submicron emulsions (d = 350 - 850 nm) were
obtained at a pectin concentration above 1 % (w/w) regardless the type of EOs. Nonetheless, in
general, increasing the pectin concentration enlarged the particle size and viscosity of emulsions and
nanoemulsions. This suggests that high pectin concentrations might reduce the microfluidization
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efficiency in decreasing the oil droplet size. Moreover, the -potential values indicate that pectin is not
or weakly adsorbed at the oil-water interface as a modest or negligible decrease in the (-potential was
observed depending on the type of EOs at increasing pectin concentrations. Nevertheless, the
transparency of nanoemulsions was achieved mainly when using low EO concentrations, regardless
the type of EOs. Therefore, pseudo-ternary diagrams have been used to observe the behavior of
nanoemulsions components on their properties. This study has greatly contributed to describe the role
of pectin and its interaction with small molecule surfactants in complex systems for the formation of
nanoemulsions.
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Table 2. Mixture design formulations and concentration of the individual components for each mixture based on oregano essential oil (OR-EQ), Tween 80 and
pectin concentration expressed in weigh fraction (w/w; %), and experimental values of droplet size, {-potential, viscosity and whiteness index.

Run OR-EO Tween 80 Pectin Water Size (nm) {-potential (mV) Color (WI) Viscosity (mPa-s)
1 0.1 6 2 91.9 345 +£39 8818 26.86 = 0.07 1293 +0.5
2 0.6 2 15 96.4 225 +13 6+1 46.6 £0.2 42.75 £0.05
3 0.6 3 2 94.4 362 +34 -10£2 2723 +£0.09 136 +3

4 0.1 0 1 98.9 540 £32 -189 +1.5 2929 +£0.01 13.81 £0.11
5 03 5 13 93.9 275 +39 -11+£3 26.65 £0.04 328+0.2

6 0.8 5 1.8 93 205 +£59 -82+12 27.65 £0.13 90.0+04

7 1 0 1 98 525 +8 80=+13 74.88 =0.03 13.65 £0.13
8 0.1 6 1 92.9 242 £ 63 89+12 259+0.1 19.1+04

9 0.1 0 2 97.9 601 + 36 -17+3 31.83 £0.04 1033 +1.3
10 0.1 3 1 95.9 301 £57 -12+3 260 +0.1 16.79 £0.11
11 0.6 6 1.5 91.9 253 £ 67 8618 26.67 £0.06 6941 £0.15
12 1 0 15 97.5 528+6 -8.01 £1.12 75.80 £0.03 436+04
13 0.1 3 1.5 954 453 £ 95 -13£2 26.08 = 0.06 61.7+02
14 1 3 1 95 120+9 S56+07 37.05 £0.08 18.0+04

15 0.1 6 2 91.9 349 £ 28 8+£3 266 £02 178 + 4

16 1 6 2 91 481 £70 S8£08 2935 £0.04 247 +£4

17 0.1 0 2 97.9 595 £13 -16 £4 31.57 £0.05 133 +£2
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Table 3. Mixture design formulations and concentration of the individual components for each mixture based on thyme essential oil (TH-EO), Tween 80 and pectin
concentration expressed in weigh fraction (w/w; %), and experimental values of droplet size, {-potential, viscosity and whiteness index.

Run TH-EO Tween 80 Pectin Water Size (nm) C-potential (mV) Color (WI) Viscosity (mPa-s)
1 0.6 0 1.5 97.9 775 £20 -99+038 6626 +£0.03 52.8+02

2 1 6 1.5 91.5 117 £22 -128+1.9 28.49 +0.02 68.5+09

3 0.8 1.5 1.8 96 113 £3 O1+14 38.89 +£0.05 823+03

4 1 0 2 97 946 + 24 -65+12 7391 £0.03 139 £3

5 0.1 3 1.5 95.4 421 +£27 -16 +£3 26.38 +0.09 544 +0.5

6 1 3 1 95 137 +£25 -10.7£13 2799 +£0.03 17.14 £0.18
7 0.6 4.5 1.5 93.4 293 +26 -14+3 27.05 +£0.04 585+04

8 1 3 1 95 158 £27 -11.5 £ 1.8 27.7+0.3 17.5+0.2

9 03 L5 13 96.9 385 £35 15114 26.88 +£0.06 302+04
10 0.1 6 2 91.9 392 + 39 -13.6 +1.1 26.63 +£0.05 173 £2

11 0.6 3 2 944 319 £26 -14£2 27.86 +£0.06 154 £3

12 1 6 2 91 206 + 40 -64+17 2790 £0.05 197 £3

13 0.1 3 1 95.9 352 +18 -132+1.8 2641 +£0.17 20.1+04
14 0.6 6 1 92.4 140 + 25 9+3 267+03 249+05
15 0.1 6 2 91.9 407 £26 86+15 26.85 £0.08 193 £2

16 0.1 0 2 979 644 + 31 -15+4 35.64 +0.07 160 + 4

17 0.1 0 1 98.9 568 £9 -186+£1.6 33.84 £0.05 170+ 03
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Table 4. Mixture design formulations and concentration of the individual components for each mixture based on lemongrass essential oil (LEO), Tween 80 and
pectin concentration expressed in weigh fraction (w/w; %), and experimental values of droplet size, {-potential, viscosity and whiteness index.

Run LG-EO Tween 80 Pectin Water Size (nm) S-potential (mV) Color (WI) Viscosity (mPa-s)
1 2 6 2 9 224 +51 9+2 27.34 £0.18 148 +5

2 2 0 2 96 1103 + 157 4.4+ 0.6 78.38 £0.03 121 +4

3 0.1 0 1 98.9 524 £59 -14 £8 2938 £0.04 146 +£03

4 2 0 2 96 978 +£35 -47+0.7 78.02 £0.08 121 +4

5 2 0 1 97 824 £ 15 -48+09 78.71 £0.05 14.85 £0.06
6 2 2 1 95 245 £69 -14 £4 31.87 £0.14 138+04

7 0.1 4 1 94.9 201 £37 -146 £1.8 264 +0.1 16.1 £0.8

8 1.05 3 2 94 411 =73 -12+£4 27.12 £0.08 137 +£7

9 0.1 2 1.7 96.2 349 +30 -15+2 26.42 +0.14 664+ 1.8
10 1.1 0 1.5 97.5 737 £19 73+£12 72.36 £0.02 41.7+13
11 14 6 1 91.6 146 £ 6 -10.8 £ 1.0 26.33 £0.16 19.8 +0.9
12 0.6 4. 1.5 934 322 £50 -12.6 £ 1.5 26.48 £0.14 491 0.7
13 2 6 2 90 226 £ 65 -10 £3 26.8+0.2 141 £1

14 2 4 1.3 92.7 248 + 54 -10.8 £ 1.6 28.8+0.1 35.28 £0.13
15 0.1 0 2 97.9 453 £ 14 -18£2 28.21 £0.07 100.5 £1.7
16 0.1 6 1.5 924 244 £ 41 -112+109 263 +02 516+12
17 0.1 3 1 94 266 + 56 91+1.0 30.34 £0.01 152+04
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Table 5. Mixture design formulations and concentration of the individual components for each mixture based on mandarin essential oil (MN-EQO), Tween 80 and
pectin concentration expressed in weigh fraction (w/w; %), and experimental values of droplet size, {-potential, viscosity and whiteness index.

Run MN-EO Tween 80 Pectin Water Size (nm) ¢- potential (mV) Color (WI) Viscosity (mPa-s)
1 1.1 L5 13 96.1 57+2 -10.7 +1.5 29.08 +0.04 27.1+04

2 3 3 2 92 69 + 4 -68+13 4416 =£0.12 147 =1

3 0.5 0 2 97.5 868 £51 -102 +£1.1 60.85 +0.03 103.8 =0.5
4 0.5 6 2 91.5 243 £43 8.7+1.7 26.62 = 0.07 141 £3

5 1.1 45 13 93.1 68 + 20 -12+£3 2672 £0.14 29704

6 1.8 6 1.5 90.8 60 =11 8815 268 +0.1 52+1

7 3 6 1 90 294 +1.1 90=10 2895 +0.04 180=02

8 24 L5 1.8 94 4 87.6 +1.7 94+1.6 44.62 +0.08 719 +02

9 0.5 6 1 92.5 90 + 17 -89=+14 26.46 +0.08 1828 =0.15
10 24 45 1.3 91.9 352+1.7 85=1.1 28.65 = 0.04 30205
11 3 0 1.5 95.5 1602 =107 -30=+03 79.69 +=0.02 50.15+0.13
12 0.5 0 1 98.5 761 + 185 -122 +0.7 57.43 +0.03 12.98 +0.05
13 1.8 3 2 933 60 =3 -126+£19 30.63 =0.04 1250 £ 1.5
14 0.5 3 1.5 95 172 £23 -14+£2 26.39 = 0.04 469 +0.1
15 3 6 2 39 382 +£1.3 8+2 28+ 5 141.8 0.5
16 0.5 0 2 97.5 628 + 46 -11.0+14 56.11 £0.09 969 =04
17 0.5 6 2 91.5 260 =36 -133+1.7 2636 +0.03 129.5 £0.6
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Figure 6 Major components of oregano, thyme, lemongrass and mandarin essential oils being (A)
carvacrol, (B) thymol and p-cymene, (C) geranial and (D) D-limonene, respectively.

112









CHAPTER I1: Curcumin-loaded nanoemulsions stability as affected by the
nature and concentration of surfactant

Artiga-Artigas, M.; Lanjari-Pérez, Y.; Martin-Belloso, O.

Food Chemistry (2018); 266: 466-474

Abstract

Nanoemulsions containing 0.5% w/w corn oil enriched with 0.4% w/w curcumin, sodium-alginate
(1.0% w/w) and 0.5, 1.0 or 2.0% w/w of surfactant, were assessed, including particle size (nm), (-
potential (mV) and turbidity over time. Furthermore, nanoemulsions encapsulation efficiency (EE),
antioxidant capacity (AC) and release Kinetics were studied. Nanoemulsions showed particle sizes <
400+3 nm and effectively reduced droplets interfacial tension with negative (-potential values (< -37
mV), regardless the concentration of surfactant. Nanoemulsions with 2.0% w/w lecithin did not suffer
destabilization phenomena during almost 86 days of experiment, whereas those containing Tween 20
or SMP at the same concentrations were destabilized after 5 days or along 24h, respectively. Despite
EE of nanoemulsions was above 75%, just in lecithin-stabilized nanoemulsions it was directly
correlated to AC. Therefore, this work contributes to elucidate the influence of lecithin, Tween 20 and
SMP on curcumin encapsulation and stabilization of curcumin-loaded nanoemulsions.

Keywords: Nanoemulsions; Curcumin; Tween; lecithin; sucrose monopalmitate; release kinetics;
encapsulation efficiency.
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1. Introduction

Curcumin is a natural polyphenolic flavonoid obtained from Curcuma longa, which is known
to be an effective bioactive compound to prevent several diseases like cancer, obesity, infectious
disease, and cardiovascular illnesses (Aditya et al., 2014). Moreover, since curcumin, considered as a
potential antioxidant and antimicrobial agent, does not show toxicity even at high concentrations, its
incorporation to food matrices as natural flavoring additive, yellow colorant and preservative is of
great interest for the food industry (Borrin, Georges, Moraes, & Pinho, 2016). Curcumin, as the
majority of natural pigments, presents high instability under external conditions such as physiological
pH, high temperature and light (Schneider, Gordon, Edwards, & Luis, 2015). Moreover, a direct
addition of curcumin may cause undesirable changes in the organoleptic properties of some food
products providing color, spicy flavor and odor thus decreasing their acceptance by consumers (Borrin
et al., 2016). And lastly, the hydrophobic nature of curcumin hinders its incorporation in non-fatty
foods and causes the fast elimination of curcumin from the body after its intake, with little absorption
in the gastrointestinal tract (Aditya et al., 2014).

Nanostructured delivery systems, however, are useful tools to on one hand, protect, carry and
release bioactive compounds; and on the other hand, enhance the bioavailability of lipophilic
compounds in aqueous media (Sari et al., 2015). Nanoemulsions, defined as colloidal dispersions with
average diameters lower than 500 nm can contain lipophilic ingredients as curcumin in the oil phase
and be directly added to aqueous or non-fatty food matrices in liquid state (Otoni et al., 2016).

Nonetheless, the encapsulation and release of bioactive compounds may be influenced by the
type of emulsifiers, structural and compositional properties of the emulsion system and other
ingredients present within the food matrix (Lee et al., 2017). Therefore, the election of the appropriate
surfactant has to be related with the chemical nature of the bioactive compound that will be
encapsulated and with the desirable characteristics of the resultant nanostructured system. Regarding
the lipophiplic nature of curcumin, surfactants with a high hydrophilic-lipophilic balance (HLB) are
the most suitable for the formation of stable oil-in-water (O/W) emulsions (Lee et al., 2017).

Non-ionic polyoxyethylene sorbitan esters, also called Tweens have been frequently used as
surfactant due to their ability to rapidly adsorb to the surface of oil droplets and reduce interfacial
tension to prevent droplet coalescence (Degner et al., 2014). Similarly, sucrose esters resulted efficient
in encapsulating lipid compounds when surfactant-oil ratios are high due to their surface-tension-
reducing capacity, dispersion, and exceptional detergent power (Sadtler et al., 2004). Actually, sucrose
monoesters such as sucrose monopalmitate, whose chemical structure consists of a lipophilic
hydrocarbon tail group (C16:0) and a hydrophilic sucrose head group, are non-ionic emulsifiers that
are increasingly utilized by the food and beverage industry as they are biodegradable, non-toxic, with
good taste and aroma profile (Szuts & Szabd-Révész, 2012).

Furthermore, there is an increasing interest in using surfactants from natural sources as it is the
case of lecithins. Lecithins are amphiphile molecules, which consist of a mixture of phospholipids
with adherent glycolipids and oil. They have the capacity of acting as good emulsifiers since their
polar head groups, which are bound to lipophilic side chains of esterified fatty acids, contain
phosphate and nitrogen moieties that can be ionized. This allows lecithin to form a mechanical barrier
around the droplets protecting them against destabilization phenomena such as coalescence or
flocculation (Klang & Valenta, 2011).
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Therefore, the aim of the present work was to assess the role of three molecularly different surfactants
and their concentration on the stability of curcumin-loaded nanoemulsions and evaluate their
encapsulation efficiency, antioxidant capacity and physicochemical properties.
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2. Materials and methods

2.1.Materials

Corn oil (Koipesol Asua, Deoleo, Spain) enriched with curcumin (from Curcuma longa,
Sigma-Aldrich, Darmstadt, Germany) was used for preparing all the emulsions. Tween 20 was
purchased from Panreac (Barcelona, Spain), whereas L-a-Soybean Lecithin and Sucrose Palmitate
(90%) were acquired from Alfa Aesar (Thermo Fisher Scientific, Massachusetts, USA). Sodium
alginate (MANUCOL®DH) was obtained from FMC Biopolymer Ltd (Scotland, U.K.). Information
provided by the manufacturer indicates that viscosity and pH of a 1% solution is 40-90 mPa-s and 5.0-
7.5, respectively. Ultrapure water obtained from a Milli-Q filtration system was used to the
preparation of all solutions.

2.2.Methods

2.2.1. Nanoemulsions preparation

Nanoemulsions aqueous phase was prepared by solving 1% w/w sodium alginate in ultrapure
water at 70°C for 3 h. After reaching room temperature, the corresponding quantity of Tween 20,
lecithin or sucrose monopalmitate at concentrations of 0.5, 1.0 or 2.0% w/w was mixed with the
aqueous phase until complete dissolution. Secondly, corn oil was enriched with 0.4% w/w of curcumin
solving the pigment in the oil by magnetic stirring overnight at room temperature in dark conditions.
Afterwards, 0.5% w/w curcumin-enriched corn oil constituting the lipid phase was added to the
aqueous mixture and blended with a high-shear homogenizer (T25 digital Ultra-Turrax, IKA, Staufen,
Germany) at 11,000 rpm for 2 min, leading to the formation of coarse emulsions. Lastly,
nanoemulsions were formed passing their respective coarse emulsions through a microfluidizer
(M110P, Microfluidics, Massachusetts, USA) at 150 MPa for 5 cycles. At the outlet of the interaction
chamber of the microfluidizer, the product was refrigerated through an external coil immersed in a
water bath with ice maintaining the temperature of the samples below 20 °C. Nanoemulsions were
prepared avoiding the direct contact with light. Besides, pH of all the blends, which remained constant
during microfuidization with values around 6.5, was controlled by a pH-meter (Eutech pH 700,
Thermo Scientific, Waltham, Massachusetts, USA).

2.2.2. Physicochemical characterization of emulsions and nanoemulsions

2.2.2.1.Droplet size, size distribution and {-potential

Particle size distributions and mean droplet diameter (nm) of emulsions and nanoemulsions
were measured by a Zetasizer Nano-ZS laser diffractometer (Malvern Instruments Ltd,
Worcestershire, UK) working at 633 nm and 25 °C, equipped with a backscatter detector (173°)
(Salvia-Trujillo et al., 2014a).
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The {-potential (mV), was measured by phase-analysis light scattering (PALS) with a Zetasizer Nano-
ZS laser diffractometer (Malvern Instruments Ltd, Worcestershire, UK). It determines the electrical
charge at the interface of the droplets dispersed in the aqueous phase.

In both determinations, samples were prior diluted in ultrapure water using a dilution factor of
1:9 sample-to-solvent.

2.2.2.2.Whiteness index

A colorimeter (CR-400, Konica Minolta Sensing Inc., Osaka, Japan) set up for illuminant D65
and 10° observer angle was used to measure the CIE L*, a* and b* parameters of emulsions and
nanoemulsions at room temperature. The device was calibrated with a standard white plate (Y =94.0; x
= 0.3133; y = 0.3194). The whiteness index (WI) was calculated with equation (1) (Salvia-Trujillo et
al., 2014a):

WI= 100-((100-L")*+(a"2+b"?))"® eq. (1)

2.2.2.3.Apparent viscosity

Viscosity measurements (mPa-s) were performed by using a vibro-viscometer (SV-10, A&D
Company, Tokyo, Japan) vibrating at 30 Hz, with constant amplitude and working at room
temperature. Aliquots of 10 mL of each emulsion and nanoemulsion were used for determinations.

2.2.2.4. Turbidity tests

Nanoemulsions turbidity is related to destabilization phenomena such as coalescence,
creaming or flocculation among others and was monitored by a Turbiscan Classic (Formulaction,
Toulouse, France) during a maximum of 86 days of storage at room temperature. Tests were
performed in duplicate.

2.2.2.5.Encapsulation Efficiency (EE, %) and curcumin rate release

Curcumin-loaded nanoemulsion aliquots of 10 mL were placed inside a dialysis tubing
cellulose membrane of 43 mm x 27 mm (Sigma-Aldrich, Darmstadt, Germany) and submerged in 20
mL of food grade ethanol. After centrifuging (2000 rpm, 10 min) with a Hettich® Universal 320
centrifuge (Sigma-Aldrich, Darmstadt, Germany) the non-encapsulated curcumin content (free
curcumin) was quantified spectrophotometrically with a V-670 spectrophotometer (Jasco, Tokyo,
Japan) at 425 nm. Encapsulation efficiency (%) of the obtained nanoemulsions was calculated by
equation (2) (Surassmo et al., 2010):
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Total amount of curcumin—Free curcumin

%EE =

x 100 eq. (2)

Total amount of curcumin

where the total amount of curcumin is the initial concentration of this bioactive compound added to the mixture
and the free curcumin is the concentration of compound that was not loaded in nanoemulsions.
All the measurements were performed in triplicate.

In order to monitor the curcumin rate release, aliquots of the samples were taken at times 0, 3,
6 and 24 h and quantified spectrophotometrically with a V-670 spectrophotometer (Jasco, Tokyo,
Japan) at 425 nm. The curcumin release was calculated with equation (3) according to Surassmo et al.
(2010) and fitted to a rectangular hyperbolic curve according to equation (4):

Total amount of curcumin (t=0)—Released curcumin(t=t)

%CR = (100 — )x 100 eq. (3)

Total amount of curcumin (t=0)

CR= 2L eq. (4)

b+t

where CR is the curcumin release expressed in %, t is the time (h), a is the maximum curcumin release (%) and
b is a kinetic constant (h).

2.2.2.6.Antioxidant capacity of curcumin

The antioxidant capacity of curcumin-loaded nanoemulsions was determined by two assays:
DPPH and FRAP. Although both methods can properly determine the presence of curcumin, the main
difference between them is that DPPH assay is based on the presence of radicals (DPP-), whereas
FRAP consists of an electrons exchange (Thaipong et al., 2006).

DPPH procedure was conducted according to the method of Brand-Williams, W.; Cuvelier, M.
E. & Berset, (1995) with some modifications. The DPPH radical solution was prepared by dissolving
2.5 mg of DPPH radical in 100 mL of methanol. The absorbance of solution was adjusted to 0.7 £ 0.02
at 515 nm. Aliquots of 20 uL of sample were placed in a microplate and 280 pL. of DPPH radical
solution was added to each sample. Samples were incubated for 30 min in the dark and the absorbance
was measured.

FRAP assay was carried out as described by Benzie & Strain (1996) where 20 uL of sample
were placed into each tube and mixed with 280 puL of FRAP solution. The samples were incubated at
room temperature in the dark for 30 min and the absorbance was measured at 630 nm after prior
filtration.

Results were reported as mg of Trolox equivalents per mL of solution (mg TE/mL) using a
standard curve of Trolox (Velderrain-Rodriguez et al., 2015). In both methods, triplicate
determinations were made at each dilution of the standard.

2.2.3. Statistics
All the experiments were assayed at least in duplicate, and three replicate analyses were

carried out for each parameter. SigmaPlot 12.0 Systat Software was used to perform the analysis of
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variance. Tukey test was chosen to determine significant differences among the use of different
surfactants and concentrations, at a 5% significance level. Correlation analyses were performed with
statistical analysis software (SigmaPlot 12.0 Systat Software, London, UK).

Curcumin release curve was generated and statistically analyzed at a 5% significance level
using Statgraphics Centurion XVII (Statgraphics Technologies INC, Virginia, USA). The output
showed the results of fitting a nonlinear regression model to describe the relationship between CR and
t independent variables. The R-Squared statistic indicates that the model as fitted explains 100.0% of
the variability in CR.

3. Results and discussion

3.1.Mean particle size and particle size distribution

Particle sizes of curcumin-loaded nanoemulsions ranged from 322 + 3 to 400 = 3 nm in
nanoemulsions containing lecithin; from 249 + 6 to 276 = 6 nm in the case of using Tween 20 as
surfactant and from 350 + 6 to 380 = 13 nm if sucrose monopalmitate was used (Table 1). It indicated
a clear influence not only of the type of surfactant added but also of its concentration on
nanoemulsions particle size. Actually, in nanoemulsions with lecithin and Tween 20, the higher the
surfactant concentration, the lower the particle size of nanoemulsion. This is in agreement with
literature since low-mass surfactants such as polysorbates (Tween 20) and lecithins are known to
rapidly coat the surface of the created oil-water interface during emulsification (Salvia-Trujillo et al.,
2014a). Thus, during microfluidization, the newly formed droplets due to mechanical stress are rapidly
surrounded by surfactant molecules, which are adsorbed to droplet surface, decreasing interfacial
tension between droplets and favoring droplets’ disruption (Salvia-Trujillo et al., 2014a).

Moreover, lecithin contains negative charges from its phosphate groups providing repulsive
electrostatic interactions needed to avoid coalescence, which is reflected in the low polydispersity
index (PdI) of nanoemulsions stabilized by this surfactant (Zhang et al., 2012). As can be observed in
Table 1, Pdl of curcumin-loaded nanoemulsions containing lecithin did not show significant
differences at concentrations < 1.0% w/w of surfactant, while it increased when 2.0% w/w was added,
which fits with the growth of a small peak in the micro-sized region (Figure 1). An excess of lecithin
may lead to the formation of aggregates between the surfactant chains themselves or with alginate
molecules (Artiga-Artigas, Acevedo-Fani, & Martin-Belloso, 2017). Therefore, it is important to use a
lecithin-oil ratio of at least 1:2 necessary to on one hand, assure the complete coating of lipid droplets
surface with adsorbed surfactant molecules in order to prevent re-coalescence; and on the other hand,
avoid the excess of surfactant able to re-aggregate (Qian & Mcclements, 2011).

Tween 20 is a non-ionic surfactant formed by a polyoxyethilene head group and a single
hydrocarbon tail (C12:0 tail) that has widely demonstrated great ability to stabilize nanoemulsions
even at low concentrations (Salvia-Trujillo, Soliva-Fortuny, Rojas-Graii, McClements, & Martin-
Belloso, 2017). Accordingly, our results showed that nanoemulsions containing this surfactant showed
an average Pdl value of 0.27 £ 4-10” and monomodal distributions regardless the concentration of
Tween 20, which highlighted its emulsifying properties (Table 1).
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Figure 1. Particle size distributions of curcumin-loaded nanoemulsions containing sodium alginate
solution as aqueous phase (1% w/w) and 0.5% w/w of corn oil enriched with 0.4% w/w of curcumin as
dispersed phase; stabilized by lecithin, Tween 20 or sucrose monopalmitate at different concentrations:
0.5, 1.0 and 2.0% w/w. Microfluidization processes were performed at 150 MPa and for 5 cycles.

Oppositely, particle sizes of curcumin loaded nanoemulsions containing sucrose
monopalmitate were the largest and varied in a wide range regardless the concentration of surfactant
leading to the highest Pdl (0.5 + 0.02). One possible explanation is that commercial sucrose
monopalmitate usually contains a mixture of different molecular species, e.g., diesters as well as
monoesters, and other types of fatty acids that can interfere in the proper emulsification process (Rao
& McClements, 2011b). In fact, particle size distributions of nanoemulsions containing sucrose
monopalmitate shown in Figure 1 confirmed the presence of a small peak in the micro-size region for
any concentration of surfactant, which was in accordance with their high PdI values (Table 1). These
minor peak can be attributed to the presence of surfactant micelles that were not adsorbed at the oil
droplets interface due to an excess of alginate molecules that had been repelled (Artiga-Artigas et al.,
2017).
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Surfactant ~ Concentration Droplet diameter  Polydispersity index {-potential (mV) Color (W1) Viscosity pH
(wiw) (nm) (PdI) (mPa-s)
Lecithin 0.5% 400 + 3° 0.37 £ 0.05% -85.3+1.7% 57.3+0.3% 25.4 +0.9° 6.53 +0.02°
1.0% 354 + 5° 0.33 £ 0.04° -85.4 + 1.5% 57.2+0.3° 29.6 + 0.3 6.43 +0.02°
2.0% 322+ 3 0.40 £ 0.03* -85.5+1.8° 59.45 + 0.15% 33.0+0.7° 6.65 + 0.02°
Tween 20 0.5% 276 + 6 0.270 + 0.014 -40 £ 3° 47.0+0.3 30.1+1.4*  6.627 +0.006°
1.0% 268 + 5 0.263 + 0.012" -35.0 2.0 47.7+0.3 31.3+0.7° 6.55 + 0.02°
2.0% 249 + 6 0.268 + 0.010" -36.0+1.9° 45.75+0.19" 30 £ 2° 6.627 + 0.006°
Sucrose 0.5% 350 £ 6° 0.52 + 0.09° -70 £ 3° 60.60 +0.18° 35.5+0.4° 6.37 £ 0.02°
palmitate
1.0% 380 +13° 0.53 £0.03° -66.4 + 1.8° 63.64 +£0.18° 96.6 +0.6° 6.46 +0.03
2.0% 373+11° 0.54 £ 0.05° -65 + 2° 64.57 + 0.23° 137 £ 5° 6.35 + 0.02°
ab¢ Means in same column with different letters are significantly different at p < 0.05 in terms of comparing surfactant type and concentration.
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3.2.¢-potential measurements

All curcumin loaded nanoemulsions exhibited {-potential values below -30 mV (Table 1). The
presence of sodium alginate, with carboxylate (-CO;) and hydroxyl (-OH") groups, plays a relevant
role in the electrostatic stabilization of nanoemulsions. Negative alginate molecules adsorption to the
surface of oil droplets may confer them enough negative charge to avoid destabilization phenomena
such as coalescence (B Heurtault, 2003). The lowest (-potential values were obtained for
nanoemulsions containing lecithin with values around -85 + 1.6 mV without significant differences
(P<0.05) regardless the concentration of surfactant. Soybean lecithin contains different types of
phospholipids including phosphatidylserine (PS), phosphatidic acid (PA), phosphatidylglycerol (PG),
phosphatidylinositol (PI), phosphatidylethanolamine (PE), and phosphatidylcholine (PC), whose
molecular structures can be observed in Figure 2.

Nanoemulsions containing lecithin showed a pH around 6.5, which means that phosphate
groups from these phospholipids are negatively charged, except PE and PC that are zwitterionic and
neutral molecules since the nitrogen from the amino group is positively charged (Figures 2E and 2F,
respectively). Negative charges from phosphate groups contribute to decrease the droplets surface
charge thus making the { -potential more negative (Zhang et al., 2012). It is reported that non-ionic
surfactants such as Tween 20 and sucrose monopalmitate can contribute to decrease the {-potential
values even in absence of biopolymer due to the presence of impurities such as free fatty acids from
the oil or the surfactants (Celus et al., 2018). Also, the adsorption and orientation of OH" groups from
water in the vicinity of oil droplets can contribute to decrease the surface charge (Marinova et al.,
1996). However, huge differences in (-potential between both non-ionic surfactants were also
observed (Table 1). Indeed, {-potential values of nanoemulsions with sucrose monopalmitate were
considerably lower than those from nanoemulsions stabilized by Tween 20 (around -67 + 3 mV
against -36 + 2 mV, respectively). Sucrose monopalmitate can contain some anionic molecules such as
impurities (e.g. palmitic acid) or those resulting of some chemical degradation as hydrolysis of the
surfactant molecule into sucrose and palmitic acid in aqueous solution, which are able to adsorb to the
oil droplet surfaces decreasing the {-potential (more negative) (Henry, Fryer, Frith, & Norton, 2009).
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Figure 2. Molecular structure of the lecithin phospholipids drawn with ChemBioDraw® Ultra 12.0
(Cambridgesoft, PerkinElmer Inc., Madrid, Spain): (A) Phosphatidylserine, (B) Phosphatidic acid, (C)
Phospatidylglycerol, (D) Phosphatidylinositol, (E) Phophatidylethanolamine and (F) Phosphatidilcoline.

3.3.Whiteness index (WI1)

Table 1 compiled the whiteness index (WI) of the prepared curcumin loaded nanoemulsions.
All of them presented yellow color and high opacity due to the presence of curcumin and corn oil,
respectively. Nanoemulsions containing corn oil as lipid phase usually experiment an increase of the
whiteness index after microfluidization due to its intense color (Ekthamasut & Akesowan, 2010;
Salvia-Trujillo et al., 2014). Corn oil contains long chain saturated (including palmitic acid (C16:0),
stearic acid (C18:0) and arachidic acid (C20:0)), monounsaturated (oleic acid (C18:1)) and
polyunsaturated (-6 linoleic acid (C18:2)) fatty acids (Beadle, Just, Morgan, & Reiners, 1964). Thus,
it presents very low solubility in water, which provoke the increase of blends opacity due to the huge
difference between the refractive index of continuous and dispersed phases (Ekthamasut & Akesowan,
2010). Even so, although all the nanoemulsions in the present work contained the same quantity of oil
and curcumin, they exhibited variations in their W1 depending on the type of surfactant used ranging
from 57.2 + 0.3 to 59.45 + 0.15, 45.75 + 0.19 to 47.7 £ 0.3 and between 60.60 + 0.18 to 64.57 = 0.23
for lecithin, Tween 20 and sucrose monopalmitate, respectively (Table 1).
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In general, the lowest WI values were observed in those nanoemulsions with the smallest
particle sizes. Therefore, curcumin loaded nanoemulsions containing 2.0% w/w of Tween 20, in which
particle sizes of 249 £ 6 nm were observed, showed the lowest WI with a value of 45.75 + 0.19. In
contrast, WI values for nanoemulsions stabilized with lecithin and sucrose monopalmitate, which are
colored powders, were higher than those obtained for nanoemulsions containing Tween 20 and
increased with the concentration of surfactant. Large molecules such as those from free surfactant
chains can scatter the light more intensely than smaller ones causing an increase in the lightness,
opacity and whiteness index of emulsions (McClements & Rao, 2011; Salvia-Trujillo et al., 2014a).

3.4.Apparent viscosity

Apparent viscosity of curcumin loaded nanoemulsions ranged from 25.4 + 0.9 to 137 + 5
mPa-s. It is well-known that, usually, an increased concentration of surfactant lead to a decrease in the
particle size (Salvia-Trujillo et al., 2014a), which according to McClements & Rao (2011) could have
an impact on nanoemulsion viscosity. As have been discussed above, low mass surfactants have high
mobility at the interface thus promptly adsorbing to droplet surfaces decreasing the surface or
interfacial tension between them (Sari et al., 2015). In this regard, lecithin and Tween 20 may facilitate
droplet disruption leading to small particle sizes, and protect droplets against destabilization
phenomena as re-coalescence or flocculation (Salvia-Trujillo et al.,, 2014a). Indeed, apparent
viscosities of nanoemulsions stabilized by lecithin or Tween 20, were the lowest and not significantly
different (P<0.05) with mean values of 29.9 + 2.5 mPa-s regardless the concentration of surfactant
(Table 1). That is probably because the apparent viscosity is mainly dominated by the concentration of
sodium alginates, which like other hydrocolloids, may lead to a considerable increase in solution
viscosities, and/or induce gelation even at low concentrations (Gaonkar, 1991).

Nevertheless, the apparent viscosity of nanoemulsions containing sucrose monopalmitate
increased from 35.5 + 0.4 to 137 £ 5 mPa-s when raised the concentration of surfactant from 0.5 to
2.0% w/w (Table 1). This is in agreement with (Sadtler et al., 2004), who observed a gel-liquid
transition in the rheological properties of emulsions stabilized by sucrose monopalmitate. That means
that sucrose monopalmitate has the capacity of forming viscous or gel-like systems being these
systems even more viscous at low temperatures and high concentrations of surfactant. One possible
explanation is that nanoemulsions containing 0.5% w/w of sucrose monopalmitate showed low
viscosities due to almost all surfactant chains will be bound to the oil droplets surfaces and hence,
there will be less sucrose monopalmitate available to contribute in the formation of a gel phase (Rao &
McClements, 2011b). Other authors also reported an increase in viscosity as the concentration of
sucrose monopalmitate raised due to a higher droplets flocculation or the re-aggregation of free
surfactant molecules or between the surfactant and sodium alginate chains (Artiga-Artigas et al.,
2017).

Moreover, molecular structure of sucrose monopalmitate consist of lipophilic hydrocarbon tail
groups (C16:0) bound to sugars that can act as feed source for some microorganisms. This favors their
proliferation and biofilms formation and contributes to increase the viscosity of nanoemulsions even in
presence of curcumin, which has antimicrobial properties (Raffa, Wever, Picchioni, & Broekhuis,
2015). In this regard, curcumin would not be preventing biofilms formation in these nanoemulsions
containing sucrose monopalmitate. It suggests that curcumin is not being effectively protected by this
nanostructured system and experiments degradation.
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As it can be observed in Figure 3, those curcumin-loaded nanoemulsions with a concentration

of lecithin higher than 1% w/w resulted long-term stable because they do not suffer sedimentation and
coalescence phenomena until 86 days of storing (Figure 3B and 3C). Lecithin molecules are able to
form a multilamellar shell around each oil droplet acting as an effective structural-mechanical barrier
that prevents re-coalescence and therefore, preserve the stability of nanoemulsions (Klang & Valenta,
2011). However, at lower concentrations of lecithin (0.5% w/w), destabilization occurred after the first
8 days of room temperature storage. It could be probably due to a ratio oil:lecithin lower than 1:2 that
may facilitate coalescence since there is a lack of surfactant molecules around droplets. In this regard,
oil droplets will tend to come together forming bigger ones thus promoting phase separation (Goddard,
2002; Qian & Mcclements, 2011).
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Figure 3. Back scattering distribution of curcumin-loaded nanoemulsions containing sodium alginate
solution as aqueous phase (1% w/w) and 0.5% w/w of corn oil enriched with 0.4% w/w of curcumin as
dispersed phase; stabilized by 0.5, 1.0 and 2.0% w/w Tween 20 (A, B, C), lecithin (D, E, F) or sucrose

monopalmitate (G,H,1); during room temperature storage.

127



Publications: Chapter 11

Horizontal lines in the Turbiscan images (Figure 3) indicate variations in the particle sizes of
nanoemulsions. Therefore, as it can be observed in Figure 3F, horizontal lines in the turbidity test of
nanoemulsions containing 2% w/w of Tween 20 experimented fewer variations than those with 0.5 or
1.0% wi/w of this surfactant (Figures 3D and 3E, respectively) regarding the initial line at time 0.

However, Tween 20 could not avoid sedimentation and creaming apparition from the 5 day of
storage regardless the concentration of surfactant (Figures 3D, 3E and 3F). According to our prior
studies, after microfluidization, sodium alginate chains may suffer a partial hydrolysis. Thus, sodium
alginate can re-aggregate over time varying the registered particle sizes and causing phase
destabilization phenomena such as creaming or sedimentation (Artiga-Artigas, Acevedo-Fani, &
Martin-Belloso, 2017). The most unstable nanoemulsions were those containing sucrose
monopalmitate in which the destabilization was almost immediate for any concentration of surfactant
observing the appearance of many destabilization phenomena including clarifications, sedimentation,
flocculation and coalescence during the first following hours after preparation (Figures 3G, 3H, 31 and
4).
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Figure 4. Nanoemulsions stabilized by different concentrations of lecithin, Tween 20 or sucrose
monopalmitate when they are fresh (A) and during the first 24 h of storage (B).

For this reason, in nanoemulsions containing 2.0% w/w of sucrose monopalmitate, turbidity
tests could be just performed during 3 days of room temperature storage (Figure 3I). As discussed in
the previous section, the presence of sugars may favor the growth of different microorganisms such as
mesophiles that are able to proliferate at room temperature (Sadiq et al., 2017). Therefore, microbial
growth may cause changes in the physicochemical properties of curcumin-loaded nanoemulsions due
to the production of biofilms, which triggers a phase separation and their immediate destabilization
(Raffa et al., 2015).
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3.6.Encapsulation efficiency and curcumin release (%)

In general, all the prepared curcumin-loaded nanoemulsions exhibited EE over 75% (Table 2)
and high retention of curcumin (Figure 5). The curcumin release (%) after dialysis and centrifugation
was monitored during the first 24h and the data obtained from equation (3) was plotted (Figure 6). The
resultant curve properly fitted with equation (4) with determination coefficients of 0.99 from which,
coefficients a and b that corresponds to the maximum curcumin release (%) and the kinetic constant
(h), respectively; were obtained (Table 3).
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Figure 5. Encapsulation efficiency (%) of curcumin-loaded nanoemulsions containing sodium alginate
solution as aqueous phase (1% w/w) and 0.5% w/w of corn oil enriched with 0.4% w/w of curcumin as
dispersed phase; stabilized by (A) Lecithin, (B) Tween 20 or (C) Sucrose monopalmitate at different

concentrations: 0.5, 1.0 and 2.0% w/w. Microfluidization processes were performed at 150 MPa and for 5
cycles.
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Figure 6. Curcumin release (%) of nanoemulsions during 24h follows equation (4): CR = a*t/(b+t).
Agueous phase of nanoemulsions contained sodium alginate (1% w/w) and their dispersed phase 0.5% w/w
of corn oil enriched with 0.4% w/w of curcumin; and were stabilized by (A) lecithin, (B) Tween 20 or (C)
sucrose monopalmitate at different concentrations. Microfluidization processes were performed at 150
MPa and for 5 cycles and curcumin-loaded nanoemulsions were stored at room temperature.
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Table 2. Antioxidant capacity of curcumin-loaded nanoemulsions reported as pg of Trolox equivalents (TE) per g of nanoemulsion, their encapsulation efficiency
(EE, %) and Pearson correlation coefficients (r) between both parameters. The control absorbance in the DPPH assay was 0.7930 + 0.0001 and in the FRAP method

it was 0.0915 + 0.0005.

Concentration . . 0
Surfactant wiw) DPPH pgTE/g FRAP pgTE/g Encapsulation efficiency (%) rpppure  TrraPEE
Lecithin 0.5% 1120.3 +1.642 99.67 +0.1542 77.46 +4-1073 Aa
1.0% 1503 £ 74b 194.97 £ 0.124° 75.56 +4-10%4a 0.51° 0.23"
2.0% 1904 + 44¢ 240.5 £0.14¢ 78.84 +6-103 4P
Tween 20 0.5% 792 + 344 212.1 £0.142 85.74 +£3-10 B
1.0% 1029 + 44¢ 177.2 £0.14° 85+ 1-102Bb -0.99 0.32°
2.0% 1279+ 64f 1953 £0.14¢ 83.62 +4-1073 Be
Sucrose 0.5% 1239 + 342 180.1 4 0.2% 76.41 + 8-10% Be
palmitate 0.45" 0.5"
1.0% 1405 £ 34b 126.8 +0.24 77.46 + 6-1075 Bd e e
2.0% 1091 +£ 34 154.8 £0.24¢ 78.41 £6-10 B¢

Data are means of at least three determinations (n = 3) * standard deviation. Different letters were assigned to the values of means with significant differences (p <.05) within
columns. ~B€ Mean in same column with different capital letters are significantly different at p < 0.05 in terms of comparing the type of surfactant at the same concentrations.
4P¢ Mean in same column with different lower case letters are significantly different at p < 0.05 in terms of comparing surfactant concentration. “There are no significant
relationships between any pair of variables in the correlation table (P > 0.050).
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Table 3. Coefficients of the mathematical model built to model the curcumin release along the storage.

Surfactant Concentration (w/w) a (%) b (h) R’
Lecithin 0.5% 71.3+2.0° 0.65+0.12° 0.996
1.0% 65.9+15° 0.44+0.08° 0.997
2.0% 583+1.6° 045+0.09° 0.995
Tween 20 0.5% 63.7+1.3° 0.97+0.109% 0.998
1.0% 64.9+23° 0.84+0.18° 0.994
2.0% 65.8+1.9" 0.80+0.14" 0.996
Sucrose palmitate 0.5% 65.4+29° 0.47+0.15° 0.988
1.0% 71.3+2.0° 0.65+0.12°* 0.996
2.0% 56.0+2.1% 042+0.12°% 0.990

abede Means in same column with different lower case letters are significantly different at p < 0.05 in terms of
comparing surfactant type and concentration. Curcumin release fits equation (4): CR = at/(b+t) in which, the
coefficient a referred to the maximum curcumin release (%) and coefficient b is the kinetic constant.

Nanoemulsions containing Tween 20 showed the highest EE values at time O resulting even
more effective at low surfactant concentrations (0.5% w/w). Moreover, the maximum curcumin release
of these nanoemulsions did not significantly vary with the concentration of surfactant (a = 64%)
suggesting that Tween 20-stabilized nanoemulsions were able to retain around a 40% of curcumin
after 24 h of study. This can be explained due to the low surface tension between droplets covered
with Tween 20, which prevented droplets coalescence and improved curcumin solubility ensuring its
retention (Ratanajiajaroen, Watthanaphanit, Tamura, Tokura, & Rujiravanit, 2012). This is in
accordance with the high stability of nanoemulsions containing over 1% w/w of Tween 20 observed in
the turbidity evaluation. Indeed, those nanoemulsions containing Tween 20 at 1.0 or 2.0 w/w
destabilized more slowly than those with 0.5% w/w (Figures 3 and 4). In fact, nanoemulsions with
surfactant concentrations of 0.5% w/w showed the fastest release of curcumin with a kinetic constant
(b) of 0.97 h, which is specified in Table 3. This trend was also observed by Petchsomrit, Sermkaew,
Wiwattanapatapee, & Materials (2013), who reported that low concentrations of Tween produced an
incomplete solubilization of curcumin thus provoking its release.

On the contrary, EE of nanoemulsions with lecithin or sucrose monopalmitate increased as the
concentration of surfactant raised up to 2% w/w. Moreover, nanoemulsions stabilized by lecithin and
sucrose monopalmitate at this concentration, were able to maintain EE around 50% during at least the
24 hours of study (Figure 5). In addition, they slowly released the bioactive compound as it can be
demonstrated with their small kinetic constants (0.45 + 0.09 h and 0.42 = 0.12 h), respectively (Table
3). In the case of nanoemulsions containing lecithin as surfactant the effectiveness in curcumin
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retention can be explained because the phenolic hydroxyl of curcumin moiety can form H-bonds with
the phosphate ion of PC (Figure 2). Thus, the two long aliphatic chains of this phospholipid are
wrapped around the curcumin thus favoring its retention within the droplets (Kumar, Ahuja, &
Sharma, 2008). In this regard, the higher the concentration of lecithin, the higher the number of
available phosphate ions and hence, the slower the curcumin release, which is in consequent with the
great stability of these nanoemulsions. The slow curcumin release of nanoemulsions containing high
concentrations of sucrose monopalmitate seems contradictory to what was previously discussed in
turbidity section, where a fast destabilization of these nanoemulsions was observed regardless the
concentration of surfactant (Figure 3). Nevertheless, Ntawukulilyayo, Demuynck, & Remon (1995)
also observed that sucrose esters strongly influenced bioactive compounds release due to the H-bond
formation between its hydrophilic groups and those of the ester resulting in a slow release of the
bioactive compound. Likewise, hydroxyl groups (OH") of curcumin molecule may establish hydrogen
bonds with the sugar heads from sucrose monopalmitate thus remaining not encapsulated but held in
the surfactant structure (Szuts & Szab6-Révész, 2012).

3.7.Antioxidant capacity

Antioxidant capacity of curcumin-loaded nanoemulsions and nanoemulsions without curcumin
(as controls) expressed as g of Trolox equivalents (TE) per g of nanoemulsion is shown in Table 2
and Table 4, respectively. In general, the nanomeulsions antioxidant capacity measured by FRAP
assay did not present significant differences regardless the concentration of surfactant. However, the
antioxidant capacity values obtained by FRAP assay were significantly lower than by DPPH. FRAP
assay is based on the reducing power of curcumin-loaded nanoemulsions. It consists of detecting the
reduction of ferric ion (Fe*") into ferrous iron (Fe?*) using ferrozine as dye (Cheung, Nigam, &
Owusu-Apenten, 2016). In this regard, if some species are reduced, others have to be oxidized.
According to Priyadarsini (2014), the three active sites of curcumin can suffer oxidation by electron
transfer and hydrogen abstraction. Detailed research by different groups have confirmed that during
free radical reactions, the phenol-OH group is the most easily abstractable hydrogen from curcumin,
resulting in formation of phenoxyl radicals, which are resonance stabilized across the keto-enol
structure. In this regard, curcumin may undergo an autoxidative degradation leading to the formation
of bicyclopentadione, ferulic acid and other derivatives, which in fact, could alter the EE of
nanoemulsions (Schneider et al., 2015). Moreover, as it is shown in Table 4, the three surfactants
presented antioxidant capacity themselves thus suggesting a synergistic effect between them and
curcumin on the antioxidant capacity.

Curcumin loaded nanoemulsions containing 2.0% w/w of lecithin exhibited the maximum
antioxidant capacity for DPPH and FRAP assays (23,800.9 mgTE/g and 3,005.3 mgET/g,
respectively). Antioxidant capacity of nanoemulsions containing lecithin was slightly correlated to the
EE (Table 2). In this regard, the higher the EE of nanoemulsions, the higher their antioxidant capacity,
which indeed can be related to the demonstrated great capacity of lecithin to stabilize nanoemulsions
(Kumar et al., 2008). Lecithin contains phosphate ions that are able to interact with phenolic hydroxyls
of curcumin through the formation of H-bonds favoring the efficient entrapping of the bioactive
compound inside of phospholipids lipophilic chains, especially at lecithin concentrations of 2% wi/w.
As observed by Pan, Tikekar, & Nitin (2013) lecithin is able to reduce the rate of permeation of
peroxyl radicals across the emulsion interface suggesting that its interfacial barrier properties
conferred lecithin high antioxidant capacity.
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Table 4. Antioxidant capacity of nanoemulsions without curcumin reported as pg of Trolox equivalents
(TE) per g of nanoemulsion. The control absorbance in the DPPH assay was 0.7088 + 0.0001 and in the
FRAP method it was 0.1662 + 0.0007.

Surfactant Concentration (w/w) DPPH pgTE/g FRAP pugTE/g

Lecithin 0.5% 316 +188™  2.21+0.15™
1.0% 540 +101"°  1.73+0.07*
2.0% 491 + 59 35+0.7%
Tween 20 0.5% 569 + 58 "% 1.3+0.2"
1.0% 816 + 1827 2.0+£0.4"
2.0% 1198 £ 761°°%°  1.81 +0.25"°
Sucrose palmitate 0.5% 662 + 6°° 3.35 + 1.42%°
1.0% 500 + 8% 3.6 +0.3%
2.0% 682+6"° 2.1£0.1%

Data are means of at least three determinations (n = 3) £ standard deviation. Different letters were assigned to
the values of means with significant differences (p <.05) within columns.

ABC Mean in same column with different capital letters are significantly different at p < 0.05 in terms of
comparing the type of surfactant at the same concentrations.

% Mean in same column with different lower case letters are significantly different at p < 0.05 in terms of
comparing surfactant concentration.

Similarly, in nanoemulsions containing Tween 20 antioxidant capacities varied regarding the
concentration of surfactant and depending on the scavenging assay for curcumin determination used.
Regarding DPPH method, the highest antioxidant capacity was observed for 2.0% w/w of Tween 20,
whereas the highest EE was observed by Tween 20 concentrations of 0.5% w/w. This inverse
proportionality is reflected in their negative correlation coefficients with values of -0.99 regarding
DPPH assay. Although based on our results high concentration Tween 20 led to a faster release of
curcumin, it has been reported that an excess of this surfactant can form micelles able to entrap the
bioactive compound within, which enhance the protection of encapsulated curcumin thus increasing
the antioxidant capacity of the system (Ratanajiajaroen et al., 2012).

Curcumin loaded nanoemulsions containing sucrose monopalmitate also exhibited higher
antioxidant capacity when it was measured by DPPH method than by FRAP. Likewise, nanoemulsions
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containing lecithin as surfactant, those with a 2% w/w of sucrose monopalmitate showed the highest
EE. However, they did not show the highest antioxidant capacities. This would confirm the fact that,
in nanoemulsions containing sucrose monopalmitate, curcumin may be not really encapsulated within
their oil phase but retained by the surfactant molecules that are able to form hydrogen bonds with the
ketons of curcumin tautomeric form or its phenolic groups (Szuts & Szabd-Révész, 2012). In this
regard, curcumin exposed to the aqueous media may suffer its spontaneous auto-oxidation due to its
inherent instability leading to the formation of a bicyclopentadione as major product (Wiggers;
Zaioncz; Cheleski; Mainardes and Khalil, 2017). Therefore, antioxidant capacity of curcumin-loaded
nanoemulsions stabilized by sucrose monopalmitate has a higher time-dependent decay than
nanoemulsions containing lecithin or Tween 20 as surfactants.

4. Conclusions

The present study provides useful information about the behavior of lecithin, Tween 20 and
sucrose monopamitate when they are used as surfactants in nanoemulsions. The nature and
concentration of surfactant affected, on one hand, the physicochemical properties of curcumin-loaded
nanoemulsions and specifically their stability. And on the other hand, it has influence on curcumin
encapsulation efficiency and release kinetics of these nanostructured systems, which depending on the
surfactant used had a direct or inverse correlation with their antioxidant capacities. Curcumin and the
three surfactants may have a synergistic effect on nanoemulsions antioxidant capacity since the
antioxidant capacities of curcumin-loaded nanoemulsions were significantly higher than those without
curcumin. Concentrations of lecithin over 1% w/w led to the formation of long-term stable
nanoemulsions, which are able to efficiently entrap curcumin within, preventing its autoxidation and
hence, maintaining the antioxidant capacity of the bioactive compound. On the other hand, although
either Tween 20 or sucrose monopalmitate allowed obtaining nanoemulsions with high EE(%), there is
no guarantee that curcumin was encapsulated but remained retained in the surfactant by H-bonding
after nanoemulsions destabilization. In this regard, curcumin may be exposed to light and oxidation
reactions leading to its degradation and loss of antioxidant capacity. Therefore, results of the present
manuscript evidenced the ability of lecithin in a concentration of at least 1% w/w to form long-term
stable curcumin-loaded nanoemulsions and efficiently entrap curcumin inside the nanostructured
system thus protecting it against degradation. In this regard, Kinetics study became in a useful tool to
model and predict the behavior of the nanoemulsions containing lecithin, Tween 20 or sucrose
monopalmitate.
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concentrated emulsions as delivery systems of lipophilic bioactive
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Abstract

Highly concentrated (HC) emulsions and nanoemulsions arise as an interesting strategy to transport
and encapsulate lipophilic bioactive compounds at high concentrations to be further used or diluted in
food formulations. Nonetheless, their formation and stabilization in terms of particle size reduction is
of crucial importance due to their characteristic high viscosity. HC emulsions containing a 40 % of an
oil phase (¢: 0.4) with droplet diameters (d[4;3]) of 520 and 310 nm were produced by ultrasonication
(200 s, 100 um) or microfluidization (2 cycles, 800 bar), respectively. Increasing the surfactant-to-oil
ratio (SOR) up to 0.2 led to a particle size reduction down to 240 nm, which in turn led to a dramatic
increase in the emulsions viscosity. Interestingly, higher oil volume fractions up to 70 % (@: 0.7) led to
emulsions with smaller particle size, which might be related to the presence highly packed droplets
within the aqueous phase. HC-emulsions presented a high curcumin encapsulation efficiency (>70%)
and release (> 80 % after 48 h). Therefore, this work contributes in elucidating the factors affecting the
formation of HC-emulsions as potential carriers of lipophilic bioactive compounds.

Keywords: highly-concentrated emulsions; curcumin; encapsulation efficiency; volume fraction
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1. Introduction

The production of highly concentrated emulsions, whose main characteristic is that the volume
fraction of the dispersed phase () is higher or equal to 0.4, is gaining attention because they present
some advantages over diluted conventional emulsions and nanoemulsions (Malkin, Zadymova,
Skvortsova, Traskine, & Kulichikhin, 2016; Piorkowski & McClements, 2014). On the one hand,
concentrated oil-in-water emulsions have the capability to load more quantity of bioactive compounds
in their lipid phase than diluted systems and on the other hand, allow reducing storage space and
transportation costs (Luo et al., 2017; Muller, Harden, & Keck, 2012). Moreover, this great droplet
concentration may have an effect on the physicochemical properties of highly concentrated emulsions
(McClements, 2015). Therefore, they can be used to modify the textural, optical, stability and release
characteristics to the desired final commercial products (Luo et al., 2017). In addition, according to
Osborn & Akoh (2004), the rate of lipid oxidation in oil-in-water emulsions decreases when the total
oil level is increased. At high oil concentrations, more unsaturated fatty acids may move to the interior
of oil droplets becoming less accessible to direct interaction with the aqueous phase prooxidants (D. J.
McClements & Decker, 2000). This suggests that an increase in droplet concentration may improve
the shelf-life of chemically labile lipophilic bioactive compounds that may be encapsulated in the lipid
inner core.

For instance, curcumin is a natural polyphenolic flavonoid obtained from Curcuma longa,
which is known to be an effective bioactive compound to prevent several diseases like cancer, obesity,
infectious disease, and cardiovascular illnesses (Aditya et al., 2014). Since curcumin is a non-toxic
powerful antioxidant and antimicrobial agent, the incorporation of this bioactive compound to food
matrices is of great interest to enhance the quality and safety of foods (Artiga-Artigas, Lanjari-Pérez,
& Martin-Belloso, 2018). However, its poor solubility, stability, and bioavailability in agueous media
together with its fast elimination from the body after its intake with little absorption in the
gastrointestinal tract limits their efficient use as a bioactive compound (Aditya et al., 2014; Bourbon et
al., 2016). Therefore, its encapsulation within highly concentrated emulsions is presented as a good
alternative to incorporate this bioactive compound to food matrices favoring its diffusion in aqueous
media and enhancing its bioavailability after ingestion (Borrin et al., 2016).

In highly concentrated emulsions the volume fraction of the dispersed phase can be increased
progressively just to a certain value considered as “critical” until the emulsion breaks or inverts
(Princen et al., 1980). Thus, the concentration of oil droplets in the dispersed liquid exceeds the limit
of the closest packing of spherical particles (Yakhoub et al., 2011). This tight droplet packing allows
the behavior of highly concentrated emulsions to change from elastic to viscoelastic (Calderd, Patti,
Llinas, & Garcia-Celma, 2012). Actually, it is reported that if the volume fraction of the dispersed
phase (o) is lower than 0.74 in a monodisperse emulsion, oil droplets may fit in hexagonal close
packing without being deformed (Princen et al., 1980). However, when the volume fraction is over
0.74, droplets may start to deform allowing the continuous phase forming a thin film around them.
Despite the fact that at this point each film is subjected to a compressive pressure, equilibrium is
maintained due to electrostatic and steric forces thus suggesting the feasibility of preparing stable
highly concentrated emulsions (Princen et al., 1980). Therefore, the selection of the most suitable
surfactant concentration may be crucial in the stabilization of highly concentrated emulsions based on
their ability to avoid droplet aggregation under environmental conditions including pH, ionic strength
and temperature (Dickinson, 2003; Garti & Reichman, 1993). Indeed, small molecule surfactants such
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as Tween 80 are able to rapidly adsorb at droplet interfaces reducing the interfacial tension, facilitating
droplet breakup and avoiding recoalescence (Jafari et al., 2008). Additionally, along with the oil ¢ and
the surfactant-oil ratio (SOR), particle size of highly concentrated nanoemulsions may depend on the
homogenizer type (e.g.microfluidizer or ultrasonicator) and its operating conditions (Jafari et al.,
2008).

Therefore, the aim of this work was to assess the effect of homogenization procedure, oil
concentration (¢ 0.4 - 0.7) and SOR (0.01 - 0.2) in the design and preparation of highly concentrated
submicron emulsions. Additionally, their capacity to act as template carriers for lipophilic bioactive
compounds (e.g. curcumin) was also evaluated.

141



Publications: Chapter 111

2. Material and methods

2.1.Materials

Corn oil (Koipesol Asua, Deoleo, Spain) was used for preparing all the emulsions. Tween 80
was purchased from Panreac (Barcelona, Spain). Ultrapure water obtained from a Milli-Q filtration
system was used to the preparation of all solutions. Curcumin (Curcuma longa) was obtained from
Sigma-Aldrich (Darmstadt, Germany). Ethanol absolute 99.9% purity (Fisher Chemical, Thermo
Fisher Scientific, Leicestershire, UK) and n-hexane (> 95% purity) (Scharlau, Scharlab S.L.,
Barcelona, Spain) were used as solvents.

2.2.Methods

2.2.1. Highly concentrated emulsions formation

Different parameters were evaluated for the preparation of highly concentrated emulsions such

as high-shear homogenization (HSH) procedure, oil volume fraction (¢) and surfactant-oil ratio
(SOR).

Highly concentrated coarse emulsions were prepared by mixing the aqueous phase containing
the hydrophilic surfactant and corn oil with a T25 digital Ultra-Turrax (IKA, Staufen, Germany) at
11,000 during 2 min. The oil volume fraction (@) calculated through eq.(1) ranged from 0.4 to 0.7 and
the SOR from 0.01-0.2. Afterwards, highly concentrated submicron emulsions were obtained by
ultrasonication (20-300 s, 100 um of amplitude) with a UP 400S Hielscher sonifier (Hielscher
Ultrasound Technology, Teltow, Germany) or by 1-5 microfluidization cycles with a microfluidizer
device (M110P, Microfluidics, Massachusetts, USA) working at 800 bar.

Coil
" Cemulsion

eq.(1)

where Cy; is the concentration of oil expressed in weight and C.nysion IS the total weight of the emulsion.

2.2.2. Physicochemical characterization of highly concentrated emulsions

2.2.2.1.Droplet size and particle size distribution

The emulsion droplet size in terms of volume and surface diameter (d[4;3] and d[3;2],
respectively) of all coarse and submicron emulsions expressed in pm was measured by the laser
diffraction technique with a Mastersizer 3000™ (Malvern Instruments Ltd., Worcestershire, UK).
Refractive index of corn oil was 1.47. For the measurement of particle sizes highly concentrated
emulsions were dispersed in distilled water using a dilution factor of 1:150 sample-to-solvent.
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2.2.2.2.(-Potential

The C-potential (mV) was measured by phase-analysis light scattering (PALS) with a Zetasizer
Nano-ZS laser diffractometer (Malvern Instruments Ltd, Worcestershire, UK). It determines the
electrical charge at the interface of the droplets dispersed in the aqueous phase. Samples were prior
diluted in ultrapure water using a dilution factor of 1:150 sample-to-solvent.

2.2.2.3.Apparent Viscosity

Viscosity measurements (mPa-s) were performed by using a vibro-viscometer (SV-10, A&D
Company, Tokyo, Japan) vibrating at 30 Hz, with constant amplitude and working at room
temperature. Aliquots of 10 mL of each concentrated emulsion and nanoemulsion were used for
determinations.

2.2.2.4. Emulsions microstructure

Microscopy images of fresh highly concentrated coarse and submicron emulsions were taken with
an optical microscope (BX41, Olympus, Gottingen, Germany) equipped with UIS2 optical system.
Phase contrast images were obtained without diluting the samples in order to maintain the original oil
droplets packing structure. All images were processed using the instrument software (Olympus
cellSense, Barcelona, Spain).

2.2.2.5.Curcumin encapsulation within highly-concentrated emulsions

Curcumin-loaded coarse and submicron emulsions were prepared with a SOR of 0.1 due to the
great increase in viscosity presented by the emulsions with a SOR of 0.2 to be sure that the obtained
differences were related to SOR and not to viscosity. For the loading of the curcumin, the oil was
heated at mild temperature (50 °C) and mixed with the curcumin powder (0.01% w/w). Then, agitation
was applied for 10 minutes and the mixture was subjected to 5 minutes of sonication in an ultrasonic
bath (J.P Selecta, Barcelona, Spain) to ensure complete dissolution of curcumin.

The coarse emulsions and their respective ultrasonicated or microfluidized emulsions were
prepared as mentioned in section 2.2.1 with a SOR of 0.1 and 0.5 ¢ of corn oil, which was enriched
with curcumin (0.01% w/w). These emulsions were characterized in terms of particle size, -potential
(mV) and viscosity as described in the previous paragraphs of section 2.2.2 to ensure their
appropriated formation. Moreover, the encapsulation efficiency (EE) and the curcumin release both
expressed in percentage were also assessed.

2.2.2.6.Encapsulation Efficiency (%)

The curcumin EE was measured following the method of Lin et al. (2018) in which 0.5 mL of
each emulsion is poured in 2 mL of ethanol absolute and 3 mL of n-hexane, and vortexed (MS 2,
Fisher Scientific, Leicestershire, UK). The curcumin was collected in the ethanol fraction and
subsequently quantified. The curcumin absorbance was measured with a VV-670 spectra photometer
(Jasco, Tokyo, Japan) at a 425 nm wavelength and the concentration was calculated from the
calibration curve. EE (%) of the obtained emulsions was calculated by eq.(2) (Surassmo et al., 2010):
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Total amount of curcumin—Free curcumin

%EE = x 100 eq.(2)

Total amount of curcumin

where the total amount of curcumin is the initial concentration of this bioactive compound added to the mixture
and the free curcumin is the concentration of compound that was not loaded in nanoemulsions.

2.2.2.7.Curcumin release

The curcumin release was measured following the method of Behbahani, Ghaedi, Abbaspour,
& Rostamizadeh (2017). Aliquots of 10 mL of each sample were loaded into the dialysis bags, which
were subsequently submerged in a 100 mL mixture of distilled water and ethanol (50:50), at room
temperature and constant agitation (100 rpm). A 2-mL aliquot of the outer extraction medium was
used to determine the curcumin concentration at 0.5, 1, 3, 5, 8, 24 and 48 h. In order to maintain the
volume constant during the whole experiment, 2 mL of dissolution medium were added to replace
each extracted aliquot. Samples were measured with a V-670 spectra photometer (Jasco, Tokyo,
Japan) at a 425 nm wavelength. The curcumin release was calculated with eq.(3):

released curcumin (mg)

Release (%) = x100 eq.(3)

total amount of encapsulated curcumin (mg)

where the released curcumin expressed in mg is the amount of curcumin found in each sample and the total
amount of encapsulated curcumin is the quantity of compound that was loaded in the emulsions according to
encapsulation efficiency results, also expressed in mg.

The curcumin release curve over 24 hours showed a steep increase at short time until reaching
a plateau phase fitting with a fractional conversion model to describe the relationship between CR and
t independent variables as shown in eq.(4). It was statistically analyzed at a 5% significance level
using JMP 12 Pro 12 software (Statistical Discovery™, North Carolina, USA).

CR = CRmax - (1 — e~ k%) eq.(4)

where CR is the curcumin release expressed in %, t is the time (h), CRa is the maximum estimated curcumin
release (%) and k is the kinetic constant (h™).

2.2.3. Statistics

All the experiments were assayed in duplicate, and at least three replicate analyses were
carried out for each parameter. JMP Pro 12 software (Statistical Discovery™, North Carolina, USA)
was used to perform the statistical analysis. Tukey-Kramer test was chosen to determine significant
differences among treatments, at a 5% significance level.
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3. Results and discussion

Firstly, the effect of emulsification technique (i.e. ultrasonication and microfluidization) and
its processing conditions (i.e. frequency and number of cycles, respectively) on physicochemical
properties of highly concentrated submicron emulsions with a ¢ of 0.4 and a SOR of 0.1 was studied.
Once the processing parameters were established for each emulsification technique, the ¢ was
increased in order to observe the influence of oil concentration on the characteristics of highly
concentrated coarse emulsions and their subsequent submicron emulsions including particle size and
distribution, {-potential and apparent viscosity. Afterwards, the impact of surfactant concentration on
the physicochemical properties of the prepared concentrated emulsions was also assessed at constant
¢. Finally, the feasibility of using highly concentrated emulsions as carriers of curcumin was
evaluated.

3.1.Effect of high-shear homogenization procedure on physicochemical characteristics
of highly concentrated emulsions

Particle size distribution of submicron emulsions with a ¢ of 0.4 and a SOR of 0.1, which
were prepared by ultrasonication (20-300 s, 100 pum), are shown in Figure 1A. Coarse emulsion
exhibited a bimodal distribution and a volume mean droplet diameter (d[4:3]) of 14.46 + 1.87 um.
However, particle size of the resulting ultrasonicated emulsion decreased as increasing the sonication
time leading to monomodal distributions from 200 s of ultrasonication (Figure 1A). Ultrasonicated
emulsions reached particle sizes of 0.52 + 0.03 um and no significant changes were observed after
longer time of sonication (Figure 1B). Salvia-Trujillo, Rojas-Grali, Soliva-Fortuny, & Martin-Belloso
(2013) reported that ultrasounds were a feasible technology to produce diluted nanoemulsions with
particles sizes lower than 100 nm. Cavitation and high shear forces generated by the sonicator can
induce disruption at droplets interface producing stable nanoemulsions in the presence of surfactants
(Abbas et al., 2015). In this regard, high concentration of oil (> 40 % w/w) may interfere in the
reduction of particle size since the tight packing of droplets may diminish the efficiency of the high
shear device (Calderé et al., 2012).

Microfluidization procedure of the coarse emulsions also led to highly concentrated
monomodal submicron emulsions but with particle sizes bellow 0.4 pum after the first cycle (Figures
1D-E). This suggests that the applied high energy procedure to prepare nanoemulsions may affect their
particle size and formation (Silva et al., 2012). It could be related to technological differences between
the ultrasonicator and the microfluidizer since the latter is able to maintain the outlet temperature of
the sample thus being a more gentle technology (Salvia-Trujillo et al., 2014c).
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Figure 1. Particle size distribution, volume (d[4;3]) and surface (d[3;2]) mean droplet diameters and (-
potential of highly concentrated ultrasonicated emulsions (A, B and C, respectively) or microfluidized
emulsions (D, E and F, respectively) with a volume fraction of 0.4 and a surfactant-oil ratio of 0.1.
Ultrasonication was performed during 20-300 s at 100 um of amplitude and microfluidiation process was
carried out during 1-5 cycles at 800 bar.

It is reported that, in general, high shear stress produced inside the microfluidizer can lead to
more homogeneous emulsions with lower particle sizes than other devices (Bonilla, Atarés, Vargas, &
Chiralt, 2012a). The coarse emulsion can be passed through the interaction chamber sequentially until
obtaining the desired particle size (Bruschi, 2015). However, after the second cycle of
microfluidization, highly concentrated nanoemulsions reached a particle size of 0.346 = 0.003 pm
observing a negligible decrease during the following cycles (Figure 2B). In agreement with our results,
other works also showed that a further increase in the number of cycles did not lead to a significant
reduction of the average droplet size (Qian & McClements, 2011; Salvia-Trujillo et al., 2013b).
Provided that droplets have reached their saturation size, subjecting the emulsion at the same pressure
might not produce any additional rupturing or change in the size distribution (Wooster, Golding, &
Sanguansri, 2008b).
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Figure 2. Particle size distributions of highly concentrated coarse emulsions (A) and their subsequent
submicron emulsions obtained by ultrasonication (200 s, 100 pm) (B) or microfluidization (2 cycles, 800
bar) (C) prepared with a surfactant-oil ratio of 0.1 and different volume fractions ranging from 0.4 to 0.7.

The C-potential of the prepared highly concentrated emulsions was negative and increased
from -38 £ 2 mV to -26 + 2 mV or to -22 + 4 mV in the case of ultrasonicated or microfluidized
nanoemulsions, respectively (Figures 1C or 1F, respectively). Non-ionic surfactants such as Tween 80
may confer negative charge to oil droplets probably due to the orientation towards the oil/water
interface of OH" ions from the aqueous phase or HCO5™ and CO,” ions from the dissolved atmospheric
CO, (Artiga-Artigas, Guerra-Rosas, Morales-Castro, Salvia-Trujillo, & Martin-Belloso, 2018;
Marinova et al., 1996). It is described that if the electrical charge of emulsions is more positive than
+30 mV or more negative than -30 mV, it is strong enough to ensure their stability suggesting that
repulsive forces between droplets are predominant in the nanoemulsion system (Heurtault, 2003;
Salvia-Trujillo et al., 2013a). As can be observed in Figure 3 B-C, highly concentrated submicron
emulsions either ultrasonicated or microfluidized showed lower particle sizes than coarse emulsions
maintaining their microstructure in spite of the increase of the (-potential values after applying the
high-shear stress. The spatial repulsive force between interfacial layers allows these emulsions to
avoid coalescence even when the droplets follow an adhesive behavior (Foudazi, Qavi, Masalova, &
Malkin, 2015).
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Figure 3. Microscopical phase contrast images of the highly concentrated coarse emulsions (A, D, G, J and
M) and their subsequent submicron emulsions obtained by ultrasonication (200 s, 100 pm) (B, E, H, K and
N) or microfluidization (2 cycles, 800 bar) (C, F, I and L) prepared by a surfactant-oil ratio of 0.1 and
volume fractions of 0.4-0.7. Error bar is equivalent a 20 pm.

3.2.Influence of oil volume fraction on the physicochemical characteristics of highly
concentrated emulsions

Mean droplet diameters and particle size distributions of the highly concentrated emulsions as
affected by the oil volume fraction are shown in Figures 2A-C. It is observed an opposite tendency
between coarse emulsions and ultrasonicated or microfluidized emulsions. As increasing the ¢ from
0.4 t0 0.7, particle size of coarse emulsion decreased from 14.46 +2.13 to 2.42 + 0.01 um (Figure 2A).
However, in the case of ultrasonicated and microfluidized emulsions, the higher the ¢, the larger the
emulsions particle size. In fact, a ¢ of 0.7 caused the complete destabilization of ultrasonicated
emulsions after homogenization process reaching values of 30.85 £ 1.12 pm (Figure 2B). Something
similar occurred with microfluidized emulsions, which suffered fast coalescence and subsequent phase
separation after the first cycle when the ¢ was 0.6 or 0.65.

Moreover, apparent viscosity of coarse emulsion and submicron emulsions increased with the
¢ being the coarse emulsion with a ¢ of 0.7 that showed the highest apparent viscosity (624 + 21
mPa-s) (Table 1). This increase is remarkable because a small increase of ¢ (0.5%) had a huge impact
in the apparent viscosity. In this regard, the apparent viscosity of coarse emulsions containing a ¢ of
0.7 was around five times higher than those prepared with a ¢ of 0.65 (Table 1). It has been described

148



Publications: Chapter 111

that an increase in the concentration of the lipid phase is decisive in reducing particle size and as
dispersed phase content increases, it is the viscosity that commands the droplets reduction
phenomenon (Bricefio, Salager, & Bertrand, 2001). This higher viscosity caused by a great packing of
droplets in coarse emulsions may contribute to reduce their movement thus preventing particle growth
(Figures 3A, D, G, Jand M).

Table 1. -potential (mV) and apparent viscosity (mPa-s) of highly concentrated coarse,
ultrasonicated (200 s, 100 pm) and microfluidized (2 cycles, 800 bar) emulsions with a SOR of
0.1, at different oil volume fractions (o).

(0} C-potential (mV) Apparent viscosity (mPa-s)

Coarse emulsion 0.4 -37.9+ 25480 6.13+0.73™
0.5 -38.6+2.1°5° 11.7+0.8%
0.6 -349+28" 33.3+21
0.65 -387+19°% 115 +20°°
0.7 -39.5+2.6°5° 624 +21°

Ultrasonicated emulsion 0.4 2575+ 1.26% 7.84+0.48"
0.5 -21.43 +0.83" 19.0+0.7°
0.6 20+ 3% 55.20 + 0.27 5
0.65 -28.87 +0.69% 269 + 5242

Microfluidized emulsion 0.4 43+ 27¢ 28.1+0.9%
0.5 -41.32 +1.52%° 63 + 9/

ABCD Means in same bar with different letters are significantly different at p < 0.05 regarding the @. **“Means in
same bar with different letters are significantly different at p < 0.05 in terms of type of emulsion (coarse,
ultrasonicated or microfluidized). Microfluidized emulsions containing ¢ > 0.6 destabilized after 1 cycle of
microfluidization so their physicochemical parameters could not be measured. Likewise, ultrasonicated
emulsions with ¢ = 0.7 suffered disruption after ultrasonication.

However, the higher the concentration of oil, the greater the apparent viscosity but the less
efficient the reduction of particle size during HSH (Table 1). This can be also perceived in the
microscopic images corresponding to ¢ of 0.6 and 0.65, where it is possible to observe the increase in
droplets particle size suggesting the destabilization of the system (Figure 31 and 3L). Therefore, the oil
volume fraction also played a key role in particle size of highly concentrated emulsions. Indeed, it is
reported that although the submicron emulsion sizes at ¢ below 0.4 usually remained stable, they are
expected to grow at higher ¢ (Wooster et al., 2008a). One possible explanation is that viscous oil
phases may difficult the droplets disruption by mechanical forces inside the homogenizer (Jafari et al.,
2008; Zeeb et al., 2012). Therefore, the higher the concentration of oil, the greater the apparent
viscosity and hence, the less efficient the reduction of particle size. Microscopic images of
microfluidized emulsions with ¢ over 0.5, exhibited the increase of oil droplets probably because
coalescence phenomenon after the high shear forces inside the homogenizer device (Figures 31 and
3L). Actually, Figures 3G, 3J and 3M corresponding to coarse emulsions with ¢ of 0.6, 0.65 and 0.7,
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respectively, showed a very high packing (closed to hexagonal) thus suggesting that they are close to
breaking after a shear stress.

The {-potential of coarse emulsions and nanoemulsions is significantly different (Table 1).
Coarse emulsions showed (-potential values around -40 mV regardless the concentration of oil
fraction. The same occurred with microfluidized emulsions in which, (-potential was slightly lower
than coarse emulsions (= -42 mV) and was independent of ¢. This can be related with a higher
stabilization of emulsion-based systems after microfluidization. Indeed, microfluidization is
considered as a more efficient methodology to prepare homogeneous submicron emulsions with small
particle sizes (< 500 nm) (Xu et al., 2014). Oppositely, in ultrasonicated emulsions, {-potential values
were more positive than those of the coarse or microfluidized emulsions and augmented from -25 to -
20 as increasing the ¢ from 0.4 to 0.6. Then, {-potential decreased again almost recovering the initial
state (= -35 mV). This could be due to the migration of metal ions from the electrode of the
ultrasonicator to the sample might alter its electrical charge ({-potential). According to the
manufacturer, the electrode is made of Titanium (Ti), a highly inert metal due to their passivation
capacity. This means that a thin surface titanium oxide layer can be formed and protect the electrode
against oxidation. Nonetheless, the addition of aluminum and vanadium traces to commercially pure
Ti is a usual practice in order to overcome poor mechanical strength of the pure metal, resulting in an
alloy (TiAlgV4) from which Ti ions can migrate (Joseph, Israel, & Edet, 2009).

3.3.Impact of surfactant concentration on the physicochemical characteristics of highly
concentrated emulsions

Particle size of all the prepared highly concentrated emulsions (¢ = 0.5) and submicron
emulsions decreased as increased the concentration of Tween 80 or what is the same, the SOR
(Figures 4A-C). Regarding highly concentrated coarse emulsions, particle sizes ranged from 18.66 +
0.95 to 6.72 + 0.16 um as increasing the SOR from 0.01 to 0.2 (Figure 4A). Tween 80 is a low
molecular surfactant that rapidly adsorbs at droplets surface created by emulsification generating a
protective layer around droplets (Jafari, He, & Bhandari, 2006). This layer may contribute to reduce
the interfacial tension and facilitate droplets disruption preventing them from flocculation or
coalescence phenomena (Jafari et al., 2008). Moreover, all the coarse emulsions exhibited bimodal
particle size distributions regardless the SOR and significant differences were not observed for coarse
emulsions with SOR of 0.05 and 0.07 (Figure 4A). After any type of HSH, all the submicron
emulsions prepared with a SOR greater or equal 0.05 presented monomodal distributions (Figures 4B-
C). The lowest particle size was shown in microfluidized emulsions with a SOR of 0.2 and 0.1 (0.24
and 0.36 um, respectively). However, 200 s at 100 um of ultrasonication only allowed obtaining
highly concentrated emulsions with 0.41 pm of diameter (Figure 1B).
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Figure 4. Particle size distributions of highly concentrated coarse emulsions (A) and their subsequent
submicron emulsions obtained by ultrasonication (200 s, 100 pm) (B) or microfluidization (2 cycles, 800
bar) (C) prepared with a volume fraction of 0.5 and different surfactant-oil ratio (0.01, 0.05, 0.07, 0.1 or
0.2).

The increase of surfactant concentration clearly decreased droplet size, which in turn
contributed to increase the apparent viscosity of emulsions (Table 2). This increase in viscosity
parameter was unleashed in microfluidized emulsions prepared with a SOR 0.2, which showed a value
of 638 + 77 mPa-s. The achievement of such small particle sizes involves a very high packing of the
droplets, which means that a great apparent viscosity of emulsions is required to control the droplets
Brownian motion (Ngan, Basri, Tripathy, Karjiban, & Abdul-Malek, 2014; Sanatkaran, Masalova, &
Malkin, 2014). In fact, microscopic images of emulsions showed an increase in packaging either with
the concentration of surfactant, or after HSH being this increase even higher when microfluidization
was applied (Figure 5). For instance, the microscopic image of coarse emulsion with a SOR of 0.2
(Figure 5M) exhibited a high packaging of droplets that can also be observed in those ultrasonicated
(Figure 5N) resulting imperceptible after microfluidization (Figure 50). Thus, the relationship
between the reduction of particle sizes and the increase of their packaging as well as their apparent
viscosity was confirmed. This highly packaging was explained by Princen et al. (1980), who proposed
that the increase of the surface storage energy in droplet compression was due to osmotic pressure.
This hypothesis was later supported by other publications including those of Lacasse, Grest, Levine,
Mason, & Weitz (1996) and Mason (1999). Therefore, the concentration of surfactant plays a key role
in highly concentrated emulsions formation since interfacial tension is the dominating factor
determining their stability and elasticity (Tshilumbu, Ferg, & Masalova, 2010).

Coarse emulsions and nanoemulsions showed negative (-potential values regardless the
concentration of surfactant (Table 2). According to our results, the tendency of {-potential was to
increase towards more positive values in all the types of emulsions (coarse, ultrasonicated or
microfluidized). Nevertheless, {-potential values of coarse emulsions and submicron emulsions were
significantly different (p < 0.05) becoming less negative after a HSH process (Table 2).

151



Publications: Chapter 111

Table 2. {-potential (mV) and apparent viscosity (mPa-s) of highly concentrated coarse, ultrasonicated
(200 s, 100 pm) and microfluidized (2 cycles, 800 bar) emulsions with a volume fraction of 0.5, at different
surfactant-oil ratios (SOR).

SOR  {-potential (mV) Apparent viscosity (mPa-s)

Coarse emulsion 001 -526+3.7° 5.40+0.37%
0.05  -47.11+1.42° 7.68 +£0.29¢P
0.07 -40+3™ 8.6 +0.7 5
0.1 42 + 45 11.39 + 0.84°5¢
0.2 37+ 3% 36+5"

Ultrasonicated emulsion 001 -441+17°% 4.85 + 0.43°®
0.05 -25.38+0.72°° 9.22 +0.28 °P®
0.07 -251+1.7°B 13.53 + 1.68 5
0.1 -21.9+0.92% 18.85 + 0.63 P
0.2 -25.00 + 1.75 %P 73+ 97

Microfluidized emulsion 0.01  -40.2+2.8% 4.26 +0.38°
0.05 -20.1+2.3" 16.9 + 2.3 8¢
0.07 -25+2°B 32+458%
0.1 27 + 580 69 + 9B
0.2 22+4% 638 + 77/°

AB,CD

Means in same bar with different letters are significantly different at p < 0.05 regarding the ¢. **¢ Means in
same bar with different letters are significantly different at p < 0.05 in terms of type of emulsion (coarse,
ultrasonicated or microfluidized).

Actually, coarse emulsions presented values ranging from -52.6 + 3.7 to -37 £ 3 mV as
increasing the SOR from 0.01 to 0.2, respectively, whereas {-potential of submicron emulsions was
approximately between -42 and -24 mV at the same surfactant concentration. It is reported that the
adsorption and orientation of negatively charged functional groups from water such as OH™ in the
vicinity of oil droplets can contribute to decrease the surface charge (Marinova et al., 1996). In this
regard, the higher the concentration of surfactant, the lower the water fraction has to be in order to
maintain constant the ¢ and thus, the lower the presence of these groups contributing to decrease the (-
potential. Regarding HSH process, the reduction of particle sizes by ultrasonication or
microfluidization contribute to increase the surface area available to be covered and hence, there will
be less non-adsorbed surfactant molecules in the continuous phase (Chung et al., 2017). Therefore,
since it has been described how the presence of impurities such as fatty acids in non-ionic surfactants
can contribute to decrease the {-potential of emulsions (Celus et al., 2018), a higher concentration of
non-adsorbed surfactant molecules may lead to more negative (-potential values as it is the case of
coarse emulsions.
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Figure 5. Microscopical phase contrast images of the highly concentrated coarse emulsions (A, D, G, J and
M) and their subsequent submicron emulsions obtained by ultrasonication (200 s, 100 pm) (B, E, H, K and
N) or microfluidization (2 cycles, 800 bar) (C, F, I, L and O) prepared by a volume fraction of 0.5 and
surfactant-oil ratios of 0.01, 0.05, 0.07, 0.1 or 0.2. Error bar is equivalent a 20 pm.

3.4.Encapsulation efficiency and curcumin release kinetics of highly-concentrated
emulsions
All the prepared curcumin-loaded emulsions (coarse, ultrasonicated and microfluidized)

presented encapsulation efficiency (EE) emulsions higher than 71%, being the coarse emulsion that
with the highest EE (78 + 3%). The significant differences between the EE of coarse emulsion and the
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resulting ultrasonicated or microfluidized emulsions (EE of 72.4 £ 1.8 or 71.21 + 0.01 %, respectively)
might be due to the curcumin degradation through the high-shear processing. This bioactive compound
is prone to suffer auto-oxidation when it is exposed to the aqueous media due to its inherent instability
leading to the formation of a bicyclopentadione as major product (Wiggers, Zaioncz, Cheleski,
Mainardes,. & Khalil, 2017). Ultrasonicated emulsions presented in this work reached temperatures
over 60°C at the outlet of the system. Therefore, this temperature might be locally even higher inside
the ultrasonic treatment chamber generating species such as hydrogen peroxide able to accelerate the
oxidation of curcumin. In fact, Salvia-Trujillo et al. (2014) reported that cavitation phenomena
induced by ultrasounds produce the collapse of air bubbles within the fluid. This fact causes a local
increase of the pressure and temperature, which in turn results in the dissociation of water into
hydroxyl radicals and hydrogen atoms, appearing several molecular species in the media such as
hydrogen peroxide (Salvia-Trujillo et al., 2013b). Further research also supported that cavitation
forces such as those inside the microfluidizer may lead to high energy molecules like hydroxyl
radicals, which can cause chemical degradation (Artiga-Artigas, Acevedo-Fani, & Martin-Belloso,
2017; Feng, Cao, Xu, Wang, & Zhang, 2017).

Curcumin release measured during 48 h is shown in Figure 6 along with their kinetic
parameters including the maximum estimated curcumin release (CRmax) and the kinetic constant (k).
In the period of the first 5h of experiment, significant differences in terms of release were not
observed. However, microfluidized emulsion reached the greatest release (70.5%) followed by the
coarse emulsion (68.6 %), whereas the ultrasonicated nanoemulsion exhibited the lowest release of
curcumin with a value of 62.8% after 48 h of experiment.

100
CRmax (%) k(h)
90 Coarse emulsion 87+10 0.034+£0.007
Ultrasonicated emulsion 8310 0.031+0.007
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Figure 6. Curcumin release (%) of highly concentrated coarse emulsions and their subsequent submicron
emulsions obtained by ultrasonication (200 s, 100 pm) or microfluidization (2 cycles, 800 bar) prepared
with a surfactant-oil ratio of 0.1 and a volume fraction of 0.5. Emulsions were loaded with 0.01 % w/w of
curcumin. The estimated maximum release (CRmax) expressed in % and the kinetic constant (k) in h*
both calculated with the model: CR = CRmax - (1 — e~**) are specified within the table.
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Concerning the calculated kinetic parameters yielded by the adjusted model showed in eq.(3),
neither the CRmax values (> 80%) nor k values (=~ 0.031 h™), were significantly different regardless
the type of highly concentrated emulsion. This suggests that both coarse emulsions and submicron
emulsions obtained by the two proposed HSH methods, resulted efficient as carriers for curcumin. In
our previous research, polysorbates (e.g. Tween 20) also were able to retain around a 40% of curcumin
after 24 h of study in diluted nanoemulsions (Artiga-Artigas et al., 2018). Low surface tension
between droplets covered with Tween 20 prevented their coalescence and improved curcumin
solubility ensuring its retention (Ratanajiajaroen et al., 2012).

4. Conclusions

Either ultrasonication (200 s, 100 um) or microfluidization (2 cycles, 800 bar) led to highly
concentrated submicron emulsions (¢ = 0.4) with particle sizes lower than 500 nm when the SOR was
0.1. The increase of the ¢, contributed to reduce the particle size of coarse emulsions as well as to
increase their apparent viscosity. This triggered that HSH process caused the destabilization of the
resulting emulsions when ¢ was higher than 0.5. The particle size of highly concentrated emulsions
decreased as the SOR increased from 0.01 to 0.2. This reduction in particle size provoked a sharp
increase of submicron emulsions apparent viscosity, especially after microfluidization, factor to take
into into account depending on the desired applications. Moreover, all the emulsion-based systems
prepared during the present study showed a high capability for the encapsulation and slow release of
curcumin according to their low Kinetic constants. This indicates the feasibility of these systems to be
used as carriers of curcumin after a certain period of time preventing its degradation. Therefore, this
manuscript contributes to elucidate the role of processing parameters, ¢ and SOR in the formation of
highly concentrated nanoemulsions with potential ability to act as carriers of lipophilic bioactive
compounds such as curcumin.
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CHAPTER 1V: Effect of Sodium alginate incorporation procedure
on the physicochemical properties of nanoemulsions

Artiga-Artigas, M.; Acevedo-Fani, A.; Martin-Belloso, O.
Food Hydrocolloids (2017); 70: 191-200
Abstract

The aim of this work was to evaluate the effect of sodium alginate incorporation procedure on the
physicochemical properties of nanoemulsions formed by microfluidization. Emulsions prepared
consisted of corn oil and Tween 20 as dispersed phase and sodium alginate solution as continuous
phase. In order to obtain nanoemulsion A (N,), both phases were microfluidized together. On the
other hand, coarse emulsion without sodium alginate was microfluidized and mixed with a
microfluidized (MA) or non-microfluidized (N-MA) sodium alginate solution leading to
nanoemulsions B(MA) and B(N-MA), respectively. N exhibited the smallest particle size (261 nm)
and monomodal distributions with a polydispersity index of 0.25. The {-potential, viscosity and WI of
Na were -37mV, 22.7mPa-s and 57.28, respectively. Spectroscopic, chromatographic and electron
microscopic techniques were used to evaluate changes in microfluidized alginate molecules when they
were within emulsions. After microfluidization, alginates suffered depolymerization and further
rearrangement, changing the disposition of polymer chains around oil droplets and nanoemulsions
characteristics. Thus, these results evidence the significant impact of sodium alginate incorporation
procedure on the physicochemical properties of nanoemulsions and how it can affect to the stability of
the resulting systems once they are applied onto food matrices.

Keywords: Sodium alginate; microfluidization; nanoemulsion; infrared spectroscopy; corn oil.
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1. Introduction

Nanoemulsions are described as colloidal dispersions consisting of oil droplets, with a
diameter in the nano-range scale, dispersed into an aqueous phase (Rao & McClements, 2011b).
Moreover, the presence of a surfactant capable of adsorbing at the oil/water interface of droplets is
required to reduce the surface tension and lead to emulsion formation. Oil-in-water nanoemulsions
have shown some advantages compared to conventional emulsions. Nanoemulsions present higher
physical stability against gravitational processes like flocculation, creaming, sedimentation and
coalescence and enhance functionality due to the increase of the surface area of droplets (Guerra-
Rosas et al., 2016). Moreover, the use of nanoemulsions let diminish the concentration of each
component added to the systems minimizing the alterations in the sensorial properties of the food
matrix, and also strong light scattering (McClements, 2011). The incorporation of active compounds
like certain vitamins, antioxidants or antimicrobials into food matrices represents a challenge due to
their low water solubility and high degradability when they are exposed to external factors such as pH,
temperature or light (Borrin et al., 2016). Nanoemulsions appear as systems that could be able to
encapsulate, protect and release these compounds effectively (Salvia-Trujillo & McClements, 2015).

On the other hand, the addition of texture modifiers such as biopolymers to the aqueous phase
might be useful to improve nanoemulsions stability by reducing droplets movement. Some of these
macromolecules, as it is the case of alginates, are capable to interact with surfactant chains disposed
around the oil droplets. Hence, they may cause steric and/or electrostatic repulsions between droplet
interfaces avoiding destabilization phenomena such as droplets coalescence or gravitational separation
(Salvia-Trujillo, Rojas-Grali, Soliva-Fortuny, & Martin-Belloso, 2014). Alginates are linear
polysaccharides, which consist of f-D-mannuronic (M) acid and a-L-guluronic (G) acid linked by
1—4 bonds that are able to absorb large quantities of water leading to the formation of hydrogels and
hence, facilitating the solubility of the alginate chains in the aqueous phase (Lee & Mooney, 2012;
Tao Wang, Sun, Raddatz, & Chen, 2013). In addition, alginates contain functional groups such as
carboxylates, which can easily dissociate in the aqueous phase and as a result, provide negative charge
to the emulsions (Pereira et al., 2013). Therefore, in presence of multivalent ions, alginates can form
polymer networks by a process known as ionic gelation due to their high “gel-forming” capability
(Liling et al., 2016). In these networks, linear chains of alginate are connected by ionic interactions
resulting in crosslinks called “egg-box”. Taking advantage of this property, nanoemulsions containing
alginates could be used as films or edible coatings for food matrices (Strobel, Scher, Nitin, & Jeoh,
2016).

The addition procedure of alginate could cause either the increase of nanoemulsions stability
or the destabilization of the blends resulting in the loss of functionality. Moreover, it is thought that
polysaccharides suffer modifications after microfluidization process due to high shear stress, impact
force and hydrodynamic cavitation, which increase the porosity of the biopolymer molecules
extending their superficial area (Laneuville, Turgeon, & Paquin, 2013). In this regard, changes in
alginate molecules disposed around oil droplets may alter the physicochemical characteristics of
nanoemulsions. Therefore, it is necessary to understand the interactions among the alginate and the
rest of the components of the nanostructured systems to obtain nanoemulsions with the most
appropriated properties according to their further applications.

Thus, the aim of this work was to assess the effect of the incorporation procedure of alginate
on the physicochemical properties of nanoemulsions formed by microfluidization to ensure the
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stability of the resulting systems once they are added to food matrices. And in turn, what influence
may have this process in sodium alginate structure.

163



Publications: Chapter 1V

2. Materials and methods

2.1.Materials

Corn oil (Koipesol Asua, Deoleo, Spain) and ultrapure water, obtained from a Millipore Milli-
Q filtration system (Merck, Darmstadt, Germany) were used for the preparation of all emulsions.
Tween 20 was purchased from Panreac (Barcelona, Spain). Sodium alginate (MANUCOL® DH) was
provided by FMC Biopolymers Ltd (Scotland, U.K.). Information provided by the manufacturer
indicates that viscosity and pH of a solution 1% is 40-90 mPa-s and 5.0-7.5, respectively.

2.2.Methods

2.2.1. Nanoemulsions formation

All the oil-in-water emulsions showed a final formulation consisting of 1% w/w lipid phase
(corn oil) with 1% w/w of surfactant (Tween 20) and 98% w/w aqueous phase (1% w/w sodium
alginate, 99% w/w water). Sodium alginate solutions were prepared by dissolving the sodium alginate
in water at 70°C for 2 h and then cooling it to room temperature. Concerning nanoemulsions
preparation, two different procedures were performed in order to evaluate the effect of the sodium
alginate incorporation in the properties of nanoemulsions. After characterizing nanoemulsions in terms
of particle size, {-potential, viscosity, whiteness index and morphology, those nanoemulsions with the
most suitable properties, such as lower particle sizes and {-potential values, were more deeply studied
to assess the effect of microfluidization in sodium alginate structure.

2.2.1.1.Sodium alginate incorporation before coarse emulsion formation

A coarse emulsion (C,), was prepared by mixing both lipid and agqueous phases and the
surfactant using a high-speed blender (T25 digital Ultra-Turrax, IKA, Staufen, Germany) at 11.000
rpm for 2 min, at room temperature. C, was treated with a microfluidizer (M110P, Microfluidics,
Massachusetts, USA) at 150 MPa and 5 cycles, in order to obtain nanoemulsion A (Na).

2.2.1.2.Sodium alginate incorporation after coarse emulsion formation

The lipid phase, surfactant and ultrapure water were homogenized with the high-speed blender
(T25 digital Ultra-Turrax, IKA, Staufen, Germany) at 11.000 rpm for 2 min, at room temperature. The
coarse emulsion (Cg) was passed across the microfluidizer (M110P, Microfluidics, Massachusetts,
USA) at 150 MPa for 5 cycles to produce a fine emulsion. This fine emulsion was stirred together with
a microfluidized alginate solution (MA) (5 cycles and at 150 MPa) or with a non-microfluidized
alginate solution (N-MA), both in the corresponding concentration to obtain a final blend with 1%
w/w of sodium alginate, during 1 h at room temperature; this led to nanoemulsion B(MA) (Nga)) or
nanoemulsion B(N-MA) (Ngn-ma)), respectively.
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2.2.2. Physicochemical characterization

2.2.2.1.Particle size and size distributions

The particle size distribution, polydispersity indexes (Pdl) and mean droplet diameters (nm) of
coarse emulsions and nanoemulsions as well as the particle size of alginate solutions were measured
using a laser diffractometer (Nano-ZS Zetasizer, Malvern Instruments, Worcestershire, U.K.) working
at 633 nm, 25 °C and equipped with a backscatter detector (173°). Samples were prior diluted in
ultrapure water using a dilution ratio of 1:9 sample-to-solvent.

2.2.2.2.¢-potential

The {-potential (mV) of oil droplets in emulsions and nanoemulsions was measured by phase-
analysis light scattering (PALS) with a Zetasizer NanoZS laser diffractometer (Malvern Instruments
Ltd, Worcestershire, UK). Samples were prior diluted in ultrapure water using a dilution ratio of 1.9
sample-to-solvent.

2.2.2.3.Apparent viscosity

Apparent viscosity measurements (mPa-s) of 10 mL aliquots of coarse emulsions,
nanoemulsions and alginate solutions were performed by using a vibro-viscometer (SV-10, A&D
Company, Tokyo, Japan) vibrating at 30 Hz and constant amplitude (0.4 mm). The device can detect
accurate temperature immediately because the fluid and the detection unit (sensor plates) with small
surface area/thermal capacity reach the thermal equilibrium in only a few seconds. Therefore, the
measurements were performed at controlled room temperature.

2.2.2.4 Whiteness index

The optical properties of coarse emulsions and nanoemulsions were measured using a
colorimeter (Konica Minolta CR-400, Konica Minolta Sensing Inc., Osaka, Japan) at room
temperature set up for illuminant D65 and 10° observer angle. The device was calibrated with a
standard white plate (Y=94.0; x=0.3133; y=0.3194). Once determined the values of CIE L*, a* and
b*; the Whiteness Index (WI) was calculated with equation (1) (Salvia-Trujillo, Rojas-Graii, Soliva-
Fortuny, & Martin-Belloso, 2013):

WI= 100-((100-L)%+(a’+h?))** eq.(1)

2.2.2.5.Transmission electron microscopy (TEM)

Emulsions were observed by negative-staining electron microscopy as a direct measurement
of their droplet size and shape. Conventional emulsions and nanoemulsions were diluted with
ultrapure water using a factor of 1:10, and they were adsorbed onto carbon-coated copper/palladium
grids for 1 min. Then, the grids were washed three times by floating it face-down on drops of
sterilized, deionized water for 1 min. Finally, the sample was negatively stained by floating the grids
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face-down on a drop of 2% w/w ammonium molybdate at pH 6.5 for 1 min. The grids were observed
in a transmission electron microscope (Jeol 2100, FEI Company, Netherlands) at an acceleration
voltage of 100 kV.

2.2.3. Molecular characterization

2.2.3.1.Infrared Spectroscopy (ATR)

Infrared spectroscopy through attenuated total reflectance (ATR) was applied to freeze-dried
samples of coarse emulsions, nanoemulsions and alginate solutions in order to avoid the interferences
caused by water in the —OH signal (3400-3600 cm™). After freeze-dried process with a Cryodos 50
freeze drier (Telstar Cryodos, Terrassa, Spain) working with a vacuum pressure of 0.128 mBar and a
temperature of -45.6 °C, emulsions and alginate solutions were directly measured in solid state by
using an infrared spectrometer (FT-IR 6300 Jasco Series, Easton, USA) in a range of 4000-600 cm™.
All tests were performed in triplicate and data were processed using SpectraManager Software (Jasco
Analitica Spain S.L, Madrid, Spain).

2.2.3.2.Nuclear magnetic resonance ('H-NMR)

Samples of emulsions, nanoemulsions and alginate solutions were freeze-dried using a
Cryodos 50 freeze drier (Telstar Cryodos, Terrassa, Spain) working with a vacuum pressure of 0.128
mBar and a temperature of -45.6 °C, weighed in a precision scale (Denver Instrument S-234,
Germany) and dissolved in 7.5 mL of D,O in order to be analyzed with a NMR spectrometer (Mercury
Plus AS 400 MHz, Varian; California, USA). Data were processed with MestReNova 10.0.2 Software
(Mestrelab Research, Santiago de Compostela, Spain).

2.2.3.3.Gel permeation chromatography (GPC)

Microfluidized and non-microfluidized alginate solutions were prior diluted in water by a 1:1
factor and compared with different dextran solutions of 2 mg/mL acting as patterns (Sigma-Aldrich,
USA).

Gel permeation chromatography (GPC) of the alginate solutions was used to study the breaking of
alginate molecules. The chromatograph (Waters Alliance 2695, Waters, Barcelona, Spain) was
composed by a refraction index detector (Waters 2414, Barcelona, Spain) and a weighing scale
(Mettler Toledo AT261 Delta Range, Barcelona, Spain). Chromatographic conditions consisted of an
Ultrahydrogel 1000 + Ultrahydrogel 250, 300x7.8 mm column (Waters, Barcelona, Spain) using
NaNO; 0.1M as eluent at 30°C and the injection volume was 50 ul with a flux of 1.0 mL/min. Data
were processed with the Empower GPC Software (Waters, Mildford, USA).

2.3.Statistics

All the procedures were assessed in duplicate, and at least three measurements of each
parameter were carried out. The statistical software SigmaPlot 11.0 (Systat Software Inc.,
Pennsylvania, USA) was used to perform the analysis of variance. To determine differences among
means of the different procedures, Tukey test (Two Way ANOVA) was run at a 5% significance level.
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In the case of comparing microfluidized and non-microfluidized alginate solutions, a Rank Sum test
(One Way ANOVA) was run at a 5% significance level as well.

3. Results

3.1.Average droplet size

Average particle sizes of emulsions and nanoemulsions obtained by the different procedures are
shown in Table 1. All coarse emulsions exhibited a dramatic reduction of their average droplet size
after creating shear and impact forces caused by microfluidization (Maa & Hsu, 1999). Ngma) and
Nen-ma), In Which alginate solution (microfluidized or not, respectively) was added in the last step of
the nanoemulsion preparation, presented average droplet sizes over 300 nm with values that did not
show statistically significant differences (P>0.05).

3.2.Polydispersity indexes and droplet size distributions

Polydispersity indexes (Pdl) of N decreased after microfluidization regarding their respective
coarse emulsions (Table 1). In the case of Ngma and Npn.ma), Pdl values increased after
microfluidization without significant differences (P<0.05) neither between the coarse emulsions nor
between the nanoemulsions.
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Figure 1. Average droplet size distributions in terms of intensity (%) of nanoemulsions A (N,) where the
incorporation of sodium alginate took place before the coarse emulsion formation; and nanoemulsions B
where the incorporation of microfluidized (Ngn-ma)) Or non-microfluidized (Ngpa)) sodium alginate,
respectively, occurred after coarse emulsion formation. Microfluidization processes were performed at
150 MPa and for 5 cycles.
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Moreover, as it can be appreciated in Figure 1, Ngmay and N gn.ma) €xhibited multimodal
droplet size distributions with major intensity peaks positioned at the nano-range scale and with minor
peaks not only located at the macro-range but above the detection limit of the equipment (more than
10,000 nm), even after microfluidization process of sodium alginate as it is the case of Ngma).
Multimodal distributions led to high polydispersity indexes (Pdl), hence, N showed the lowest Pdl
with a value of 0.25 + 0.01, while the Pdl of N gwma) and N gn.may did not present significant
differences with values between 0.41 £+ 0.02 and 0.45 + 0.02, respectively.

3.3.¢-potential

The ¢-potential values of emulsions and their respective nanoemulsions obtained were all
negative as it can be observed in Table 1. Moreover, the negative electrical charge of droplets in Na
and Nggva) decreased after microfluidization regarding their respective coarse emulsions. However, the
{-potential of Ngn-ma) did not change significantly (P<0.05) concerning their coarse emulsion.

3.4.Apparent Viscosity

Cs, without alginate, presented rather low viscosity values and similar to the water viscosity (=1
mPa-s), whereas Cx exhibited viscosity values of 42.4 + 0.8 mPa-s on average (Table 1). The highest
increase after microfluidization was observed for Ngn.ma), Where the non-microfluidized alginate
solution was mixed with the fine emulsion observing a viscosity value of 61.07 mPa-s on average.
However, in the case of using microfluidized alginate (N gpa)) the viscosity was lower (Table 1).
Oppositely, the viscosity of N and alginate solutions (Fig. 2B) decreased on average from 42.43 to
22.73 mPa-s and from 167 to 137 mPa-s, respectively, after microfluidization process.
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Figure 2. (A) Average particle size distributions (nm) and (B) apparent viscosity mean values (mPa-s) of
non-microfluidized (N-MA) and microfluidized (MA) alginate solutions (at 150 MPa and 5 cycles,
respectively).
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3.5.Whiteness index (WI1)

The optical properties of coarse emulsions and nanoemulsions expressed as W1 are presented
in Table 1. WI values increased after microfluidization process in all cases. Nevertheless, WI of Na
and Nga), in which alginate solution underwent to the microfluidization process, did not differ
significantly. Oppositely, N gn-ma) Showed the highest WI with a value of 60.28 + 0.05.

Table 1. Droplet size (nm), polydispersity index (PDI), {-potential (mV), viscosity (mPa-s) and whiteness
index (WI) of coarse emulsions A (C,) and B (Cg)-with and without containing sodium alginate,
respectively- and nanoemulsions N, where sodium alginate was added in the first step of emulsions
formation; Nggay and Ng.ma) in which a solution of microfluidized or non-microfluidized sodium alginate
solution, respectively, was added to a fine emulsion prior prepared. Data shown are the means + standard
deviation.

Droplet size Pdl ¢-potential (mV) Viscosity Color (WI)
(nm) (mPa-s)
Ca 8865+ 588"  0.45 +0.14° -10.3+0.8° 42408  52.84+0.04°
Cs 4012 +555°  0.27 £0.14° -15.8 £2.1° 1.17+0.02° 42.65+1.87°
Na 261 + 6° 0.25 +0.01° -39+ 3¢ 22.7+04° 57.28+0.02°
Neqvia) 315+ 5 0.41 +0.02° -20.9+ 1.5 29.5+0.4° 58 + 2

Nenwva)y 443 +28° 0.45 + 0.02¢ -26.98 + 0.01° 61.07 £0.21° 60.28 + 0.05°

abedef Means in same column with different letters are significantly different at p < 0.05.

3.6.Microstructure

The morphology of droplets in Na, N gma)y and N gn.ma) Was examined by transmision electron
microscopy (TEM) as it can be observed in Figure 3. With this technique, it was possible to observe
significant differences regarding the shape and the disposition of the droplets. TEM images revealed a
wide range of particle sizes with an average droplet size of 183 + 45 nm in N, (Fig.3A), whereas its
mean particle size calculated by DLS was higher (261 + 6 nm). In the case of Ngga) Where alginate
solution was microfluidized and added in the last step of emulsion formation, TEM images presented
discrete and spherical particles whose droplet diameters ranged between 10 to 500 nm (Fig.3B).

Nevertheless, as in the case of DLS, in TEM images of Ngn-ma) (Fig.3C) it is possible to
confirm that the presence of non-microfluidized sodium alginate led to particles with the highest mean
droplet diameters 382 £ 209 nm and there were not isolated particles (Table 1).
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3.7.Effect of microfluidization on alginate molecular structure.

Na presented the lowest droplets sizes, (-potential, viscosity and WI values, thus, they were
expected to be the nanoemulsions with the most suitable properties to be stable during the time. In
order to study the effects of microfluidization process on polymer structure, chemical and structural
characterizations of coarse emulsions and nanoemulsions A (Ca and Np, respectively) and alginate
solutions by FT-IR and *H-NMR spectroscopies and gel permeation chromatography (GPC), were
achieved.

3.7.1. FT-IR and 1H-NMR spectra

Microfluidized alginate spectrum showed a slight decrease of the —OH (3300 cm’1, stretch, H-
bonded) and —COO" groups (1593 and 1400 cm™, asymmetric and symmetric stretch, respectively)
after microfluidization, being the signal corresponding to —OH groups who experienced the highest
decrease (Fig.4A).

Regarding emulsions spectra, Figure 4B showed the disappearance of the peaks at 3002 and
1633 cm™ (alkenes, -C=C-) and 1740 cm™ (together with 1100 cm™, ester, R”COO-R) that correspond
exclusively to corn oil. This could indicate that the corn oil remained within the biopolymer structure.
Moreover, the band corresponding to the esters of Tween 20 (1731 cm™, R’COO-R) decreased in
intensity after microfluidization process, whereas those peaks corresponding to alkenes (2919 and
1624 cm™) did not experiment significant variations (P>0.05) in emulsions spectrum (Fig.4B).
Nevertheless, it was possible to observe a slight increase in the signal corresponding to O-H bond
(3330 cm™, stretch, H-bonded) and carboxylate groups (-C=00", 1595 and 1402 cm™, asymmetric and
symmetric stretch, respectively) of sodium alginate in nanoemulsion spectrum in comparison to the
coarse emulsion.

According to proton nuclear magnetic resonance (*H-NMR) technique, microfluidized alginate
lost a 31% of the protons in comparison with non-microfluidized alginate spectrum (Fig.5). Likewise,
the number of total protons in the spectrum of the coarse emulsion is approximately a 38% higher than
that observed in nanoemulsions (Fig.6A and 6B, respectively), being remarkable that differences in
peaks integration occurred only in the region corresponding to the main chain of sodium alginate
(3.70-4.20 ppm), whereas the rest of integrations remained unaltered (Huang et al., 2015).

3.7.2. Size exclusion chromatography: Gel permeation chromatography (GPC)

Table 2 shows GPC analyses of microfluidized and non-microfluidized alginate solutions.
GPC analyses revealed a significant reduction of average molecular weight of microfluidized alginate
from 785,656 + 48,5461 u to 679,809 + 18,455 u, together with the change in the shape of the GPC
profiles (not reported), which indicated the presence of a second polymer distribution after having
passed through the microfluidizer. However, the difference in the average values for the rest of studied
variables between the two groups was not great enough to exclude the possibility that the difference
was due to random sampling variability and therefore, there was not a statistically significant
difference (P=0.333).

170



Publications: Chapter 1V

4. Discussion

Nanoemulsions A (N,) in which sodium alginate solution was microfluidized at the same time
that the rest of components, showed the smallest particle sizes. During microfluidization, creating
shear and impact forces may cause a cavitation phenomenon that leads to the reduction of the
emulsions droplet size (Maa & Hsu, 1999). In this sense, alginate chains disposition around the
droplets may be more homogeneous because the high shear stress occurred on all components of the
nanoemulsion at the same time, resulting in a lower Pdl (Qian & McClements, 2011). However, in
Nema) and Ngpn-ma), in which the added alginate was microfluidized or not, respectively; a
destabilization phenomenon such as re-coalescence of oil droplets may occur after microfluidization
causing an increase in the polydispersity indexes of nanoemulsions (Bonilla et al., 2012a).
Nevertheless, microfluidization had an influence on particle sizes promoting the changes of the
molecular structure of alginate, which allow obtaining smaller particle sizes. Consequently, the highest
particle sizes were observed for Ngn.ma) in Which alginate did not pass through the microfluidizer.
Indeed, Ngmay and Ngn-ma) Size distributions were not monomodals (Fig.1) but they presented another
minor peak. These minor peaks observed in Fig.1 could be surfactant micelles that were not adsorbed
at the oil droplets interface due to an excess of alginate molecules that had been repelled
(Heydenreich, Westmeier, Pedersen, Poulsen, & Kristensen, 2003; Neumann, Schmitt, & lamazaki,
2003). However, it is more likely that they were aggregates of the biopolymer molecules that do not
contain oil within, since particle size distributions of both microfluidized and non-microfluidized
alginate solutions (Fig.2A) revealed the same minor peak at the same position.

Moreover, particle size and polidispersity indexes variability between Na, Ngaa) and Ngn-va)
observed using light scattering was confirmed by TEM (Fig.3). Certainly, in these images it was
possible to observe that the presence of aggregates is higher if alginate molecules are not subjected to
high shear stress (Fig.3C). The lack of microfluidization process might cause that alginate molecules
maintain their original structure without suffering depolymerization processes, which may cause
greater steric impediment among biopolymer chains during their disposition around the oil droplets
leading to bigger and non-spherical particles. Thus, microfluidization may also enhance the stability of
the blends (Feng, Cao, Xu, You, & Han, 2016; Villay et al., 2012).

Figure 3. Transmission electron microscopy (TEM) images of nanoemulsions A (Na) where the
incorporation of sodium alginate took place before the coarse emulsion formation (A); and nanoemulsions
B where the incorporation of microfluidized (Ngn-ma)) Or non-microfluidized (Nggma)) sodium alginate
occurred after coarse emulsion formation (B or C, respectively). Microfluidization processes were
performed at 150 MPa and for 5 cycles.
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On the other hand, Tween 20 is a non-ionic low-mass surfactant that rapidly coats the newly
created droplets during emulsification (Kralova & Sjoéblom, 2009) giving a neutral or slightly negative
electrical charge on oil-water interface (Hsu & Nacu, 2003). Nevertheless, a negative charge was
observed in all the emulsions and nanoemulsions in the present work. This is because Tween 20 is
preferably adsorbed on the oil surface in the co-presence of polymeric stabilizers, such as sodium
alginate molecules, which provided negative charge to oil-water interfaces when dispersed in the
aqueous phase (Nambam & Philip, 2012). Therefore, the alginate addition had a really strong
influence in the surface charge of oil droplets in emulsions and nanoemulsions due to the presence of
carboxylates and hydroxyl groups, which are easily deprotonated at neutral pH (= 6-7) (Yang, Jiang,
He, & Xia, 2012). Furthermore, the mechanical stress during microfluidization can lead alginate
chains to break up or modify its disposition, increasing the number of those molecules able to be
potentially adsorbed on the oil-water interface (Chen, Gao, Yang, & Gao, 2013a). In this sense, a
partial breaking of alginate molecule may cause the change of its disposition around the oil droplets
and increase the concentration of deprotonated groups. In this sense, N, showed the lowest {-potential
value and therefore, it could be expected that this nanoemulsion will be less exposed to re-coalescence
than Nga) and Ngp-ma).

The increase in viscosity values of the obtained emulsions and nanoemulsions depended on the
fact that the alginate has been microfluidized or not. According to Yang et al. (2012), apparent
viscosity of emulsions is strongly influenced by the presence of the alginate dispersed in the aqueous
phase. In fact, alginate may be a good candidate for chemical functionalization because can present
surface activity after being dispersed into the aqueous medium, increasing the viscosity of the
solutions. In contrast and based on our results, microfluidization process could cause a significant
increase in the porosity of polysaccharide chains due to cavitation forces, which allow chains holding
more water leading to the decrease of apparent viscosity (Wang et al., 2013). Harte & Venegas, (2010)
also reported a 75-85% viscosity reduction in alginate solutions processed by high-pressure
homogenization from 1 to 5 cycles up to 300 MPa. Similarly, Villay et al., (2012) observed a viscosity
reduction on sodium alginate solutions when they were microfluidized at 195 MPa for several cycles.
They attributed this effect to a decrease in the molar mass of sodium alginate due to a
depolymerization of chains caused by covalent bond disruption. This depolymerization is a result of
the chemical reaction between the polymers and high energy molecules such as hydroxyl radicals
produced from cavitation (Feng et al., 2017). Only when the molecular weight of sodium alginate
(M) is low enough, particles are able to resist mechanical forces such as shear, turbulence or
cavitation, caused by microfluidization. This fact let diminish the heterogeneity of chains, and thus the
PdlI of this macromolecular species in solution (Villay et al., 2012). Although all the coarse emulsions
exhibited a decrease in their average droplet size and size distribution after being microfluidized, none
of the nanoemulsions of this study became completely transparent. It is reported that large particles
scatter the light more intensely and it produces an increase in lightness (L*), opacity and WI of
emulsions (McClements, 2011).

Therefore, alginate molecules may contribute to raise WI values, probably due to an increase of
the number of large particles in dispersion (McClements, 2002). In addition, according to Salvia-
Trujillo et al. (2014), the type of oil used in the formulation significantly influenced the WI of the
coarse emulsions and nanoemulsions. Corn oil, as other vegetal oils, is intense in color and causes an
increase of the WI after microfluidization process (Ekthamasut & Akesowan, 2010; Pereda,
Aranguren, & Marcovichs, 2010). It is described that the light scattering of oil droplets depends on the
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refractive index of continuous and dispersed phase, oil concentration and droplet size (McClements,
2002a). In this regard, when the refractive index ratio (n,/n;) tends to unity, as in the case of corn oil
whose refractive index is 1.47 (n; = 1.33), the light scattering produced by the lipid droplets dispersed

in the emulsion promotes the increase of the opacity of the blends (McClements, 2002a; Yang &
Paulson, 2000).
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Figure 4. Normalized infrared spectra of (A) freeze-dried non-microfluidized (N-MA) and microfluidized
(MA) alginate solutions at 150 MPa and 5 cycles and (B) freeze-dried nanoemulsions A (NA) and coarse
emulsions A (CA) containing sodium alginate. Microfluidization was performed at 150 MPa, for 5 cycles.

The increase of hydroxyls observed in alginates spectrum (Fig. 4B) may be due to the
breaking of O-glycosidic bonds (depolymerization) or an opening of the alginate structure caused by
mechanical forces into the microfluidizer, which increase the ability of sodium alginate for holding
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water (Chen et al., 2013a; Mohammad, Hosseini, Emam-djomeh, Hadi, & Meeren, 2013).
Nonetheless, in spite of microfluidization may accelerate the collisions between the solvent molecules
and sodium alginate molecules causing biopolymer degradation, it has been suggested that alginate is
able to rearrange (Chemat & Khan, 2011).

In contrast, in the case of nanoemulsion spectrum, the observed behavior was the opposite
because inside these systems mechanical forces can attack the structure of microfluidized molecules,
which were not able to restructure (Laneuville et al., 2013). Indeed, the application of these forces may
result in some reactions such as sodium alginate conjugation or oxidation (Feng et al., 2017). In this
regard, high shear stress caused by microfluidization process could cause the oxidation of hydroxyl
groups to carboxylic acids easily deprotonated in agueous media, able to increase the carboxylate band
of nanoemulsion spectrum. This may fit with the hypothesis of a partial breaking of sodium alginate
molecule able to react with high energy molecules such as hydroxyl radicals (-OH) produced from
cavitation forces into the microfluidizer. This would entail the increase in the amount of exchangeable
protons from carboxylic acids or hydroxyl groups (Feng et al., 2017). As a result, those exchangeable
protons, which were not observable by *H-RMN due to the use of deuterium dioxide as the solvent;
led to the decrease in the number of relative protons in microfluidized alginate and nanoemulsion
spectra. Thus, results from both spectroscopic techniques indicated that after microfluidization,
sodium alginate might break and change its conformation influencing the properties of the resultant
nanoemulsions.

f4.?9 Deuterium Oxide

Figure 5. 'H-NMR comparative spectra of microfluidized (MA) and Non-microfluidized (N-MA) alginate
solutions in D,O at room temperature.
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Figure 6. (A) *H-NMR spectrum of coarse emulsion A (C,) and (B) *H-NMR spectrum of nanoemulsion A
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Concerning the results, it could be expected the observation of the breaking of sodium alginate
in smaller oligomers through ultra-hydrogel permeation chromatography (GPC). In this regard,
although sodium alginate molecule breaks, the re-aggregates formed after microfluidization process
may have similar molecular weights than the initial chain.

Those changes might be explained by a partial hydrolysis of alginate molecule that causes
higher affinity for water, higher porosity and hence, changes in its molecular weight, which might
produce a variation in the disposition of alginate chains around the oil droplets.

5. Conclusions

The present work reveals that physicochemical properties of nanoemulsions can vary
depending on their preparation procedure. Mechanical forces from microfluidization caused the
breaking of alginate chains reducing the steric impediment between them around the oil droplets.
Thus, in terms of particle sizes measured by DLS and TEM, those procedures in which the alginate
was microfluidized, either before or after coarse emulsion formation, led to nanoemulsions (N, and
Nsma)) With particle sizes in the nano-scale range. On the other hand, results derived from
spectroscopic techniques such as ATR and H-NMR also fitted with a partial breaking of sodium
alginate molecule after passing through the microfluidizer. Consequently, it was possible to observe
that the presence of —OH and —COQO" groups varied changing the interfacial interactions between oil
droplets and the rest of the components in the resultant nanoemulsions. Moreover, the GPC analysis
highlighted the possibility of rearrangement of the biopolymer after microfluidization since, although
the molecular weight of the sodium alginate decreased, a molecular weight distribution similar to the
non-microfluidized alginate was obtained. Therefore, further studies such as Scanning electron
microscopy (SEM) may help to understand the disposition of the alginate chains in nanoemulsions to
obtain stable nanostructured systems able to encapsulate, transport and release biocompounds
effectively through food matrices.
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CHAPTER V: Decane-in-water nanoemulsions stabilization by whey
protein-sugar beet pectin complexes

Artiga-Artigas, M., Reichert, C., Salvia-Trujillo, L., Zeeb, B., Martin-Belloso, O., Weiss, J.

(Submitted to Food Biophysics)

Abstract

Protein-polysaccharide complexes might enhance the stability of nanoemulsions containing short-
chain alkanes, which are very prone to destabilization by Ostwald ripening. The aim of this work was
to form interfacially structured nanoemulsions using biopolymer complexes composed of whey
protein isolate (WPI) and sugar beet pectin (SBP) and assess their capability against Ostwald ripening.
Nanoemulsions with 20% w/w of decane and stabilized with 2% w/w of the biopolymers alone or the
complex were evaluated against Ostwald ripening parameters. Complex-stabilized nanoemulsions
exhibited negative {-potential with similar values to those stabilized by SBP alone while the interfacial
rheology behavior of complex-stabilized systems was more similar to those stabilized by WPI alone.
This suggests that the protein fraction may be directly and strongly adsorbed at the oil interface thus
dominating the interface rheology, whereas pectin chains located on the periphery of the complex and
oriented towards the water phase may confer negative interfacial charge to oil droplets. Complexes
showed higher emulsifying capacity than biopolymers alone since particle size of complex-stabilized
nanoemulsions remained stable at least 48 hours after their preparation, whereas WPI- or SBP-
stabilized nanoemulsions suffered destabilization during the first 24h. Moreover, while the final
particle size reached by the latter during the 21 days of storage was around 8 um, complex-stabilized
nanoemulsions exhibited particle sizes up to 2.34 £ 0.86 um, which had a direct impact in delaying
creaming. Overall, WPI:SBP complexes were more effective than the biopolymers alone in preventing
Ostwald ripening in decane-in-water nanoemulsions.

Keywords: Whey protein; sugar beet pectin; protein:polysaccharide complexes; interfacial rheology.
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1. Introduction

Nanoemulsions have been described as colloidal dispersions of two immiscible phases (e.g.
oil-in-water) with particle sizes up to 500 nm (Otoni et al., 2016). Nanoemulsions have been
intensively studied because of their potential use as delivery systems since they may act as carriers of
lipophilic functional compounds including flavor oils or bioactive compounds. Additionally,
nanoemulsions may be used as thickening agents due to the presence of biopolymers in their
formulation. In this regard, depending on the desired application the nanoemulsions, interface needs to
be specifically tailored. However, the main limitation of these nanostructured systems is their
thermodynamically instability, thus they tend to experiment destabilization phenomena over time, such
as coalescence, flocculation or Ostwald ripening. Instability mechanisms occur due to the tendency of
the emulsion to evolve towards a more thermodynamically favorable system, resulting in a decrease of
the area of the dispersed lipid phase in the aqueous phase, which ultimately causes phase separation
(Suriyarak & Weiss, 2014). Typically, emulsifiers including small-molecular surfactants or
biopolymers are required to firstly decrease the interfacial tension between the two immiscible liquids
and allow the droplet breakup during homogenization, and secondly, to stabilize the newly created
droplets (McClements, Bai, & Chung, 2017). In fact, there is a great interest in the food industry in the
use of proteins and polysaccharides to stabilize oil-in-water nanoemulsions since they have shown the
potential to adsorb at the oil/water interface thus contributing to the emulsification of oil droplets
(Evans, Ratcliffe, & Williams, 2013; Pérez, Carrera Sanchez, Pilosof, & Rodriguez Patino, 2009).

Indeed, proteins such as whey protein isolates (WPI) are known for their emulsification and
foaming properties, and polysaccharides like sugar beet pectin (SBP) for their water-holding and
thickening properties (Dickinson, 2003). It is reported that the main proteins in WPI being -
lactoglobulin, a-lactalbumin and bovine serum albumin are responsible for the interfacial properties of
WPI (Baeza, Carrera Sanchez, Pilosof, & Rodriguez Patino, 2005). Similarly, emulsion-stabilizing
properties of SBP are well reported and attributed to their proteinaceous moieties, which may account
to their interfacial activity (Akhtar, Dickinson, 2002; Funami et al., 2007). Acetyl groups within the
galacturonic backbone and phenolic esters in the side chains could also act as additional anchors to the
oil droplets (Nakauma et al., 2008). Nevertheless, not even biopolymers are able to prevent Ostwald
ripening in nanoemulsions containing short-chain alkanes since they present partial solubility in water
(Chebil, Desbriéres, Nouvel, Six, & Durand, 2013; Suriyarak & Weiss, 2014). This phenomenon,
which is also responsible for the breakdown of nanoemulsions, is described as the process whereby
bigger droplets grow at the expense of those smaller because the solubility of a material within a
droplet increases (Zeeb et al., 2012). Therefore, stabilization of these nanoemulsions still remains as a
scientific and technological challenge and different approaches need to be considered in order to
design optimal interfacial stabilization strategies.

It has been reported that Ostwald ripening could be prevented or reduced by using emulsifiers
that are able to sequentially or simultaneously adsorb at droplets surface forming a thick interface.
Actually, several works have recently demonstrated the surface-active capacity of biopolymer
complexes, also referred as coacervates (Ghosh & Bandyopadhyay, 2012; Gromer, Kirby, Gunning, &
Morris, 2009; Zeeb et al., 2018). Complexation is the resultant electrostatic attraction between two
biopolymers that are oppositely charged. It can occur between a protein and a polysaccharide when
they reach their electrical equivalence at a specific pH, normally between the isoelectric point (pI) of
the protein and the pKa of the polysaccharide (Klemmer, Waldner, Stone, Low, & Nickerson, 2012;
Liu, Elmer, Low, & Nickerson, 2010; Schmitt & Turgeon, 2011). Therefore, pH and ionic strength of

182



Publications: Chapter V

nanoemulsions influence the charge density of the biopolymers and hence, the complexation process
(Zeeb et al., 2016). Nevertheless, the deposition and interaction of these complexes at the droplets
interface is a relatively unexplored field.

The aim of this study was to evaluate the hypothesis that stabilization of nanoemulsions by
protein-pectin complexes may result more effective in retarding Ostwald ripening, in comparison to
the individual biopolymers alone. For this purpose, complexes were formed at pH 3.5 by mixing two
biopolymer solutions consisting of a globular protein, namely WPI; and SBP in a ratio 1:1.
Nanoemulsions stabilized by WPI, SBP or WPI:SBP complex were characterized in terms of particle
size, phase separation, C-potential, interfacial density and optical microscopy. In addition, the
interaction between decane and WPIL, SBP or WPL:SBP complex was assessed by interfacial rheology
measurements.
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2. Materials and methods

2.1.Materials

WPI was purchased from Fonterra GmbH (Hamburg, Germany). WPI is composed of a
mixture of B-lactoglobulin, a-lactalbumin, bovine serum albumin, and other proteins, such as caseins.
The pl of B-lactoglobulin is 5.3, whereas the pl of a-lactalbumin is 4.1, and thus the WPI has a pl
close to 5 (Dickinson, 1992). Sugar beet pectin (SBP) was a gift of Herbstreith&FoxKG (Neuenbiirg,
Germany). As stated by the manufacturer the degree of esterification of the beet pectin was 55%. All
biopolymers were used without further purification. Decane (Purity > 99.0%) was obtained from
Sigma-Aldrich Co. (Steinheim, Germany). Citric acid monohydrate was obtained from Carl Roth
GmbH & Co. KG (Karlsruhe, Germany) and sodium citrate dihydrate was purchased from SAFC (St.
Louis, MO). Analytical grade hydrochloric acid (HCI) and sodium hydroxide (NaOH) were purchased
from Carl RothGmbH& Co.KG (Karlsruhe, Germany). Deionized water was used for the preparation
of all samples.

2.2.WPI:SBP complex formation

Initially, the single biopolymers were dissolved in distilled water with magnetic stirring
overnight at room temperature to obtain two stock solutions at 2% w/w of biopolymer and ensure their
complete hydration. Afterwards, solutions were adjusted to pH 7 with 0.1M and 1M of NaOH or HCI
(Zeeb et al., 2016). Stock solutions were mixed in a WPI:SBP ratio of 1:1 and the complex formation
was induced by decreasing the pH to 3 at regular intervals. According to the procedure described by
Zeeb et al. (Zeeb et al., 2016), biopolymers measurements including {-potential with a Zetasizer Nano-
ZS laser diffractometer (Malvern Instruments Ltd, Worcestershire, UK) and optical microscopy with
an Axio Scope optical microscope (A1, Carl Zeiss Microimaging GmbH, Géttingen, Germany) were
performed over a pH range of 7 to 3 in order to set the accurate conditions for associative complex
formation. Since complexation started at pH 5 and insoluble complex formation followed by the
subsequent precipitation was observed at pH 3 (Fig.1B and 1C, respectively), the chosen pH for the
formation of simple- and protein:polysaccharide complex-stabilized emulsions throughout the
complete experiment was 3.5. The nanoemulsions pH was measured with a laboratory pH meter
(inoLab, pH Level 1, WTW, Weilheim, Germany).

2.3.Formation of oil-in-water emulsions with differently structured interfaces

Oil-in-water emulsions with differently structured interfaces: (i) protein- or pectin-stabilized
emulsion (simple emulsion) and (ii) coacervate-stabilized emulsion (complex emulsion) were
prepared. For the formation of aqueous emulsifier solutions 2% w/w WPI or SBP powder was
dispersed into 10 mM sodium citrate buffer (pH 3.5). Both solutions were stirred overnight to ensure
complete hydration of the biopolymer at room temperature and then readjusted to pH of 3.5 using 1 M
HCI and/or 1 M NaOH with a pH-meter (InoLab Level 1, Gemini, Apeldoorn, NL). Single
biopolymer-stabilized nanoemulsions were prepared by homogenizing 20% w/w of decane with 2%
w/w WPI or SBP solutions using a high shear laboratory blender (Standard Unit, IKA Werk GmbH,
Germany) at 15.000 rpm for 2 min followed by three passes at 1,000 bar (100 MPa) through a high
pressure homogenizer (LM10, Microfluidics™, Westwood, MA). Low temperature of the samples was
maintained by using an ice bath.
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For the formation of complex-stabilized emulsions two stock solutions, one containing 2 % w/w of
whey protein isolate (WPI) and the other 2 % w/w of sugar beet pectin (SBP), were prepared in citrate
buffer (3.5 pH). Both solutions were magnetically stirred overnight to ensure complete hydration of
the biopolymers at room temperature and pH was readjusted to 3.5. Afterwards, both solutions were
mixed 1:1 (WPIL:SBP) ratio and 20% w/w of decane was added. The resulting mixture was
homogenized by high pressure homogenization as described earlier.

2.4.Characterization of emulsions

2.4.1. Droplet size and droplet growth rate

The particle size and particle size distribution of emulsions were measured using a static light
scattering instrument (Horiba LA-950, Retsch Technology GmbH, Haan, Germany) periodically
during 21 days at room temperature. Samples were diluted to a droplet concentration of approximately
0.005% w/w with citrate buffer (pH 3.5) to prevent multiple scattering effects. The instrument
measured the angular dependence of the intensity of the laser beam scattered by the dilute emulsions
and then used the Mie theory to calculate the droplet size distributions that gave the best fit between
theoretical predictions and empirical measurements. Refractive index (RI) was directly measured from
decane-in-water nanoemulsions through the automated Rl computation of the static light scattering
device, which provided a value of 1.48. The particle size measurements are reported as volume
frequency distributions and the mean diameters in terms of the volume (d[4;3]) and number based
(d10) mean diameters. The d[4;3] is very sensitive to the presence of large particles in the distribution
and the d,, describes the diameter where 10% of the distribution has a smaller particle size and 90%
has a larger particle size. Particle radii were calculated as the average of measurements made on at
least two freshly prepared samples. Particle size and its growth were confirmed by microscopy images
taken periodically until day 21 of room temperature storage with an Axio Scope optical microscope
(A1, Carl Zeiss Microimaging GmbH, Géttingen, Germany). All the studied samples were diluted in
citrate buffer using a dilution factor of 1:30 sample-to-solvent prior to the microscopy analysis.
Afterwards, the Ostwald ripening process was modeled by the Lifshitz-Slyozov-Wagner (LSW)
theory, which is based on the assumption that the diffusion of oil through water determines the overall
Ostwald ripening rate (Santos, Calero, Trujillo-Cayado, Garcia, & Mufioz, 2017). This theory predicts
that, at asymptotically long times, there is a constant Ostwald ripening rate determined by the growth
in the cube of the number weighted mean droplet radius. Therefore, Ostwald ripening rate was
calculated using the following equations:

re-ro’= ot eq.(1)

where, o is the Ostwald ripening rate, r, is the mean number droplet radius after time t, ry is the initial mean
number droplet radius, both calculated from the number based mean diameter (d,).
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2.4.2. (-potential measurements

The {-potential (mV) was measured by phase-analysis light scattering (PALS) with a Zetasizer
Nano-ZS laser diffractometer (Malvern Instruments Ltd, Worcestershire, UK). Samples were loaded
into an appropriate cuvette and the {-potential was determined by measuring the direction and velocity
that the droplets moved in the electric field applied. The Smoluchowski equation was utilized to
calculate the C-potential. The (-potential measurements were made from two freshly prepared samples,
and were carried out with four readings per sample. All samples were made in duplicate. In all the
determinations, samples were prior diluted in citrate buffer (3.5 pH) using a dilution factor of 1:30
sample-to-solvent.

2.4.3. Accelerated creaming index test

The accelerated creaming test was performed by centrifuging 2.5 mL aliquots of
nanoemulsions, diluted to 1% in citrate buffer, using a Heraeus Centrifuge (Biofuge 28RS, Osterode,
Germany). Samples were centrifuged at 2500 rpm during 1, 5, 10, 15, 30 or 50 min. Pictures of the
emulsions were taken periodically with a digital camera (Canon Powershot G10, Tokyo, Japan) and
the creaming index provoked by centrifugation was calculated with equation (2):

Creaming index (%) = (Ncreaming (9~Nereaming (t0))/Nto * 100 eq.(2)

2.4.4. Interfacial rheology

Different biopolymers may lead to interfaces with diverse properties depending on the
adsorption mechanism of them at the oil droplets’ surface. In general, interfacial rheology describes
the relation between an interface deformation and the stresses applied on it, thus being related to the
strength of the adsorption as well as unfolding of the biopolymer at the interface (Pelipenko, Kristl,
Rosic, Baumgartner, & Kocbek, 2012). Rheological measurements were conducted using a rheometer
MCR 502 (Anton Paar GmbH, Graz, Austria; Software: Rheoplus) and were performed with a bicone
measuring geometry, where the edge of the disk is located in the interfacial region between the two
immiscible liquids. The influence of the bulk and upper phase of the flow field in the bicone system is
compensated in an analysis performed using the rheometer software after the measurement. An
amplitude sweep was conducted with 100 measuring points in the strain range between 0.01 to 100 %
(frequency f = 0.01 Hz; 8 = 25 °C). At the beginning of each measurement, a relaxation time of 15 min
was applied. Each sample was measured in duplicate, whereas the interfacial storage modulus G;” and
loss modulus G;” were utilized as a key parameters to determine the rheological properties of the
mixtures containing WPI solution (2% w/w), SBP solution (2% w/w) or complex WPI:SBP (1:1)
solution (2% w/w) at pH 3.5 and decane as the upper fluid.

2.4.5. Interfacial density

Interfacial density was theoretically calculated in order to determine the concentration of
emulsifying biopolymers (i.e. WPI and/or SBP) adsorbed. This may contribute to elucidate how is the
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adsorption mechanism of WPI and/or SBP at oil/water interfaces, which is in turn linked to the
understanding of Ostwald ripening phenomenon. For this purpose, the density of decane oil and
decane-in-water nanoemulsions was measured using a Portable Density Meter (DMA™ 35, Anton
Paar, Virginia, Ashland, USA).

The complexity of the systems required that some approximations being applied including that
all droplets are spherical and with the same size and that there were no free biopolymers. In this
regard, the equations used to theoretically calculate interfacial density are the following:

e Vil droplets Poil droplet

Vshell; Pshell
Vemuision= Naroplets* (Voit droplet + Vshelr) eq.(3)
Naroplets = Vtotat oit/ Vol droplet eq.(4)
Vot aroplet = (4/3) Tt aropiet eq.(5)
Viotat oil = Meotal ot/ Protal oil eq.(6)
Msheit = Mbiopolymer/ Ndroplets eq.(7)
Paroplet shell = Msnetl/ Vheln eq.(8)

where Vemuision, Viotal oit @N0 Vil aropier ar'e the volume of nanoemulsion, the total volume of decane and the volume
equivalent to one droplet of decane, respectively; Ngropiets is the number of droplets present in the nanoemulsion;
Foil droplet 1S the ratio of the droplets obtained from d[4;3]; Mgy and Myigpaymer are the weight of the shell or the
biopolymer, respectively and pgropiet sheit IS the density of the shell in each droplet.

2.5.Statistics

All the experiments were performed in duplicate, and at least three replicate analyses were
carried out for each parameter. SigmaPlot 11.0 Systat Software was used to perform the analysis of
variance. Tukey test was chosen to determine significant differences among the different emulsions, at
a 5% significance level.
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3. Results and discussion

3.1.Formation of protein:pectin complex

Complexation may occur through attractive interactions between WPI and SBP while reducing
the pH from 7 to 3 following the procedure described by Zeeb et al. (2016) (Figure 1). As the pH of
biopolymer solutions increased from 3 to 7, the {-potential of the complex became more negative,
going from values of -25 to -40 mV (Figure 1A). On the one hand, WPI is negatively charged at high
pH values (pH 7), and becomes positively charged below its isoelectric point (WPI pl = 5) (Figure
1A).

A 40
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20 —— SBP
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Figure 1. Change in the {-potential (mV) of whey protein isolate (WPI), sugar beet pectin (SBP) and
WPI:SBP complex formation in distilled water by varying the pH from 7 to 3 (A); optical microstructure
of WPI:SBP (1:1) complexes from pH 3 to 7 (B); outward appearance of complexes during their formation

©.

On the other hand, pectin molecules remained negatively charged due to its deprotonated
carboxylic groups at a wide range of pH values (Figure 1A). Therefore, at low pH values, positively
charged protein molecules and negatively charged pectin are able to electrostatically interact. In fact,
microscopic images showed that soluble complexes formation took place from pH 5 (Figure 1B).
Afterwards, these complexes grew as the pH decreased (acidic conditions) coinciding with a color
change of the solutions probably due to the increase of complexation strength (coacervates formation)
(Figures 1B and 1C, respectively). Finally, complexes became insoluble at pH 3 thus causing
associative phase separation (Figure 1C). Usually, soluble complexation occurs when the electrostatic
interactions are fairly weak and the net charge is relatively high, whereas complex coacervates are
formed when the electrostatic interactions between the biopolymers are stronger and the net charge is
low (Chen, Li, Ding, & Suo, 2012; Doublier, Garnier, Renard, & Sanchez, 2000). This conditions are
met at pH 3.5 since the {-potential of WPI and SBP at pH 3.5 were respectively +28 mV and -22 mV,
suggesting that at this pH it is possible to control WPI/SBP complex formation.

Therefore, the resulting complex subsequently used as the emulsifying agent during
microfluidization was formed at pH 3.5.

3.2.Nanoemulsion stabilization by WPI, SBP or WPI:SBP complexes

Firstly, the capacity of WPI:SBP complexes to act as emulsifiers of nanoemulsions was
evaluated and compared to that of WPI or SBP alone. Physicochemical properties of single- (WPI- or
SBP-) or WPI:SBP complex-stabilized nanoemulsions were characterized in terms of particle size,
particles size distribution, {-potential, optical microscopy and interfacial rheology. Secondly, after
nanoemulsions formation, their stability over time was assessed through particle size distribution and
particle size growth measured by static light scattering, optical microscopy and creaming appearance
during 21 days of storage at room temperature.
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3.2.1. Particle size, particle size distributions and {-potential

Static light scattering was used to measure the mean droplet diameter in terms of d[4;3] and
d10 of 20 % w/w decane-in-water nanoemulsions stabilized by WPI, SBP or their complex in a ratio
1:1 and the changes in droplet size distribution during 21 days (Figure 2). Initial d[4;3], d10 and (-
potential values of decane-in water nanoemulsions are shown in Table 1. The smallest particle size
(d[4;3]) was exhibited by WPI- and WPI:SBP complex-stabilized nanoemulsions (0.31 + 0.03 and
0.26 + 0.07 um, respectively). Moreover, nanoemulsions stabilized either by WPI or SBP alone
experimented rapid changes in their particle size distributions after 24 hours of study, showing a
progressive increase in their droplet sizes along time (Figures 2A-B). In the case of complex-stabilized
nanoemulsions the growth was slower being significant in day 3 of room temperature storage (Figure

20).

Relative volume distribution frequency (%)

Figure 2. Particle size distribution of nanoemulsions containing 2% w/w Whey protein isolate (WPI) (A),
2% wi/w of Sugar beet pectin (SBP) (B) or 2% w/w of the WPI:SBP (1:1) complex (C), acting as
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emulsifiers; and 20% w/w of decane as oil phase. The study was realized during 21 days.
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Particle size of WPI-stabilized nanoemulsions in terms of d[4:3], increased from 0.31 + 0.03
pm to 0.53 £ 0.02 um during the first 24 hours and reached values of 7.81 = 0.72 pum after 21 days of
storage (Figure 2A). This gradual growth of oil droplets was most likely due to Ostwald ripening,
which typically occurs in nanoemulsions of short-chain alkanes, such as decane, due to partial
solubility of these oils in the aqueous phase (Santos et al., 2017; Zeeb et al., 2012). Indeed, according
to the linear adjustment observed in Figure 3, there was a time-dependent increase of decane diffusion,
which is an indicative of Ostwald ripening. It is reported that WPI is able to slow down the ripening
process since it forms a greater surface coverage, however, the ripening rate just could be completely
stopped under certain conditions such as the presence of insoluble species present in the oily phase
(Combrinck, Otto, & du Plessis, 2014; Dickinson, 2009).

Likewise, SBP-stabilized nanoemulsions also experienced an increase in the particle size from
0.37 £0.09 to 0.82 £ 0.04 um during the first 24 hours and continued growing until the appearance of
a main intensity peak of oil droplets around 10 um after 21 days of storage (Figure 2B). According to
the observed particle growth, Ostwald ripening of nanoemulsions stabilized with SBP was
significantly faster and more pronounced than those containing WPI (Figure 3). The main
consequence of Ostwald ripening is the diffusion process that requires the solubility of the dispersed
phase into the continuous phase to initiate the diffusion process between droplets (Ghosh &
Bandyopadhyay, 2012). SBP can reversibly desorb and adsorb from the interface of the liquid droplet
by a mechanism known as depletion-flocculation (Dickinson & Golding, 1997). This may increase the
rate of mass transfer between the dispersed droplets and then, favor the Ostwald ripening. As reported
by Ghosh & Bandyopadhyay (2012), the chances of desorption of emulsifier is lower in case of the
emulsions stabilized by WPI because it provides a thicker layer around the droplets and greater surface
coverage of the interfacial area. Particle size of complex-stabilized nanoemulsions remained stable
(=0.29 + 0.03 um) at least 48 hours after their preparation showing better emulsifying properties than
WPI and SBP alone (Figure 2C). In addition, they exhibited the lowest increase in mean droplet
diameters during the study increasing up to 2.34 £ 0.86 um after 21 days of storage. Although in
Figure 3 it can be observed that the slope of the line of Ostwald ripening rate distribution of the
complex-stabilized nanoemulsions is similar to that of WPI-stabilized, complexes resulted more
efficient in delaying creaming since they maintained small particle population during more time
(Figures 2 and 6, respectively). Dickinson (2009) reported that despite the fact that
protein:polysaccharide complexes present high surface activity, they mostly behave like a soft
polymer, which resembles the protein structures and thus cannot completely avoid the ripening process
(Ghosh & Bandyopadhyay, 2012). Therefore, protein:pectin complexation might lead to denser
interfaces due to hydrophobic interactions or even biopolymer conjugation, altering interfacial
rheology due to high internal stability of the interface and retarding the ripening process (Rodriguez
Patino & Pilosof, 2011; Zeeb et al., 2018).
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Figure 3. Impact of interfacial structure (biopolymer 0.2 % w/w) on the time-dependent growth of
decane-in-water nanoemulsions (20 % w/w decane) stabilized by whey protein isolate (WPI), sugar beet
pectin (SBP), and WPI:SBP complexes.

Regarding {-potential, WPI-stabilized nanoemulsions showed positive values of 37.5 + 0.26
mV at pH 3.5 (Table 1). However, nanoemulsions stabilized with SBP or WPI:SBP complex as
emulsifier showed negative charge at pH 3.5, with values of -22.1 + 0.5 or -20.4 + 0.5 mV,
respectively. These differences can be explained due to WPI is a globular protein whose (-potential is
slightly negative at physiological pH, yet it is able to change its net charge to positive while decreasing
the pH (Ruffin, Schmit, Lafitte, Dollat, & Chambin, 2014).

Table 1. Decane-in water nanoemulsions physicochemical properties in terms of the mean droplet
diameter over volume (d[4:3] in pm and {-potential (mV).

d[4:3] (um) d1g (um) C-potential (mV)
2% w/w WPI; 20% w/w decane 0.31+0.03"®*  0.129 + 0.003" 37.5+0.3"
2% w/w SBP; 20% w/w decane 0.37 +£0.09" 0.15 +0.09° -22.1+05°
2% w/w WPI1:SBP (1:1) complex; 0.26 £0.07°  0.11+0.01"° -20.4 £ 0.5°

20% w/w decane

ABC Means in the same column with different letters are significantly different at p < 0.05 in terms of comparing
different biopolymers as emulsifiers.
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The negative charge of pectin molecules has been previously attributed to the ionization of
carboxylic groups, which in turn promotes intra-molecular self-association (Alba & Kontogiorgos,
2017). With regards to the complex-stabilized nanoemulsions, the negative charge of droplets
stabilized by protein-pectin complexes may indicate that protein moieties of the complex may be
primarily adsorbed at the o/w interface while pectin moieties of the complex may be potentially
located at the outer region of the o/w interface. Certainly, the proposed mechanism for complex
formation is that the protein nuclei might have increased their hydrophobic properties and therefore
grows into larger particles, whereas pectin molecules were simultaneously incorporated (Turgeon,
Schmitt, & Sanchez, 2007; Weinbreck, Rollema, Tromp, & De Kruif, 2004; Zeeb et al., 2018).
Therefore, the monolayer coverage formed by the protein avoids droplets diffusion and electrostatic
and steric repulsion forces from SBP chains may provide the negative surface charge.

3.2.2. Microstructure and macrostructure of nanoemulsions

The microstructure (Figure 4) and macrostructure (Figure 5) of nanoemulsions stabilized by
WPI, SBP or the WPI:SBP complex was determined by optical microscopy and visual appearance
respectively, immediately after being prepared (day 0) and after 10 and 21 days of storage. After
preparing the nanoemulsions (day 0), the three systems showed a uniformly distributed dispersion of
oil droplets in the aqueous phase, regardless whether they were stabilized by the biopolymers alone or
the complex. Nanoemulsion droplet size was initially in the nanometric range for all the studied
samples thus being below the detection limit of the optical microscope, which is in agreement with the
particle size results (Table 1). Moreover, despite of the droplet growth observed during storage time,
especially in the case of nanoemulsions stabilized by WPI or SBP alone (section 3.2.1), dispersed oil
droplets remained undetectable by optical microscopy until 10 days of storage (Figure 4). However,
nanoemulsions stabilized by either WPI or SBP presented prominent destabilization after 21 days of
storage as seen in the microscopy images (Figure 4A-B), whereas WPI:SBP complex-stabilized was
barely beginning to aggregate (Figure 4C).

Nanoemulsions stabilized by WPI alone showed a loose or porous three-dimensional structure
with hollow regions of depleted oil droplets (Figure 4A). This structure may be the result of physical
bridging formation among droplets due to forces of mutual attraction known as London-Van der Waals
forces (Harnsilawat, Pongsawatmanit, & McClements, 2006; Teo et al., 2016). Nevertheless, these
forces may predominate when droplet surfaces are close enough resulting in overall attraction and
natural aggregation takes place (Forbes, 2014). An increment in particle size may provoke protein
desorption and promote flocculation through a depletion mechanism (Chanamai & McClements,
2001). Moreover, macroscopic observations of the WPI-stabilized nanoemulsions after 21 days
evidenced a phase separation with a thick and dense layer on the top of the tubes (Figure 5A). This can
be explained due to flocculation is able to cause a number of effects that are detrimental to emulsion
quality including the enhancement of creaming (Chanamai & McClements, 2001; Dickinson, 1989).
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t=10 days
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Figure 4. Optical microstructure of decane-in water nanoemulsions stabilized by whey protein isolate
(WPI) (A), sugar beet pectin (SBP) (B) or WPI:SBP (1:1) complex (C) during 21 days of room
temperature storage. Samples were diluted in citrate buffer in a ratio 1:30 sample-to-solvent.

Likewise, in the case of SBP-stabilized nanoemulsions, the presence of highly aggregated oil
droplets with lipid depleted areas after 21 days of storage followed by phase separation was also
remarkable (Figure 4B and 5B). As it has been mentioned in the previous section, instability of
nanoemulsions containing SBP could be attributed to the placement that biopolymer adopts in the
interface, which might favor diffusion (Siew & Williams, 2008). However, Gromer et al. (2009)
observed strong aggregation of SBP by atomic force microscopy that can be explained by depletion-
flocculation, effect whereby biopolymer molecules are excluded from the gap between adjacent
droplets (Dickinson & Golding, 1997). In this regard, the particle growth of SBP-stabilized
nanoemulsions over time due to Ostwald ripening might cause desorption of the SBP proteinaceous
moiety thus leaving to uncovered regions of the droplet surface and ultimately leading to the
emergence of creaming (Figure 5B).
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Figure 5. Nanoemulsions stabilized by (A) whey protein isolated (WPI), (B) sugar beet pectin (SBP) or (C)
WPI:SBP complexes. Pictures of nanoemulsions stored at room temperature were taken during the 21
days of experiment.

Oppositely, aggregation of complex-stabilized nanoemulsions observed in day 21 was much
less than in those WPI- or SBP-stabilized (Figure 4C) agreeing with phase separation observed in
Figure 5C. This divergence may also be attributed to the delay in particle growth, which suggests that
in complex-stabilized nanoemulsions repulsion forces are higher preventing particles from coming
together retarding flocculation and the subsequent phase separation (Forbes, 2014).

3.2.3. Creaming index

An accelerated creaming test of nanoemulsions was conducted during different centrifugation
times (0, 5, 10, 15, 30 and 45 min) at 2500 rpm. Rapid creaming was observed in WPI-stabilized
emulsions, which reached a plateau when centrifugation was performed during at least 15 min with a
creaming index of 11% (Figure 6). This could be attributed to flocculation phenomenon since
centrifugation causes a partial phase separation due to a concentration gradient. Centrifugation
generates zones with low WPI concentrations, in which the adsorption of the protein is insufficient to
yield full surface coverage. Thus, WPI may adsorb onto two different droplets and cause aggregation
or bridging flocculation (Jenkins & Snowden, 1996).

In the case of SBP-stabilized nanoemulsions, the increase in creaming index caused by
centrifugation was progressive until reaching a constant creaming index of 6% after centrifuging 30
min (Figure 6). As the pH is 3.5, galactosyluronic acid residues from SBP chains are protonated and
they acquire compact conformations in which the hydrophobic groups can go towards the oil interface
and adsorb (Alba & Kontogiorgos, 2017). Therefore, the interface consists of a mixture of different
functional groups and the applying of external forces such as centrifugation may modify the
conformational characteristic of pectin thus altering the stability. Like WPI-stabilized nanoemulsions,
SBP molecules may be excluded from droplets interface due to centrifuge forces favoring flocculation
and then, irreversible creaming formation.
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Figure 6. Accelerated creaming test of decane-in water emulsions containing whey protein isolate (WPI),
sugar beet pectin (SBP) or their complex (WPI:SBP) in a ratio 1:1, was performed by centrifugation at
2,500 rpm during 0, 5, 15, 20, 30 and 45 min. Samples were diluted till reach an 1% w/w of decane.

In complex-stabilized nanoemulsions, the increase of the induced creaming index reached a
plateau value (1.5%) after 10 minutes of centrifugation (Figure 6). Therefore, WPI:SBP complexes
seem to be effective in preventing creaming even at room temperature. This can be related to the fact
that in complex-stabilized nanoemulsions, charged functional groups from both biopolymers are
interacting among them forming the complex, so there are fewer intermolecular interactions. In this
regard, droplets may be closer each other after centrifugation thus leading to a less thick creaming
since there are fewer spaces between them.

3.2.4. Interfacial rheology

Interfacial rheology measurements were performed to elucidate the adsorption mechanisms of
the different emulsifiers used at decane droplet interfaces. Interfacial rheology studies the relationship
between the deformation of a liquid surface interface and different forces as a function of time (Bos &
Van Vliet, 2001). Interfacial characteristics depend on the behavior of the molecules located at the
interface including their chemical composition, concentration and interactions (Pelipenko et al., 2012).
The interfacial storage modulus (G;’) and the interfacial loss modulus (G;”) determine interfacial
rigidity and both contributions constitute the interfacial shear modulus. G;” represents the recoverable
energy stored in the interface, whereas the loss modulus, G, accounts for energy lost both through
shear dissipation processes (Freer, Yim, Fuller, & Radke, 2004).
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On the one hand, the interfacial shear modulus (G;” and G;’’) of WPI at decane interface
remained constant at increasing strain amplitude (Figure 7A). It is reported that proteins adsorb at
fluid-fluid interfaces by forming a highly interconnected network at the surface of decane stabilized by
hydrogen bonds, hydrophobic and electrostatic interactions and specific covalent bonds between
molecules (Murray, 2002). Nonetheless, this adsorption may depend on the polarity of the oil and also
on concentration and type of the biopolymer and the interface aging time (Bos & Van Vliet, 2001).
Therefore, the lack of an interconnected network observed in our interfacial rheology results might
suggest that the aging time was not enough for the entirely formation of the WPI monolayer. Actually,
in the study performed by Erni et al. (2003), results were collected after 20 h of aging since longer
intervals for recording and averaging have proven beneficial.

Shear rheology measurements of SBP-decane interfaces showed higher values of G;’
compared to those of G;’” as well as a decay in the G;” and G;’’ with increasing amplitude after the
latter reached a maximum. This behavior, which is characteristic of soft glassy materials and has been
attributed to the balance between the breaking and formation of bonds, suggests that the resulting
interfacial network generated is elastic (Figure 7B) (Torcello-Gémez & Foster, 2014). In agreement
with our results, Gromer et al. (2009) and Rodriguez Patino & Pilosof (2011) also observed that SBP
was able to form elastic or viscoelastic films at the air/water or oil/water interface, respectively. The
interfacial elasticity has been attributed to the high hydrophobicity of pectin (Pérez et al., 2009).
Indeed, acetyl groups of SBP, which enhances its hydrophobic nature and surface-active character
favor the formation of elastic interfaces (Rodriguez Patino & Pilosof, 2011). This interface is
susceptible to deform at low pH due to a lack of electrostatic repulsive forces between pectin chains
causing weak steric repulsion (Alba, Sagis, & Kontogiorgos, 2016).
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Figure 7. Interfacial rheology of (A) whey protein isolate (WPI), (B) sugar beet pectin (SBP) or (C) their
complex (WPI:SBP) in a ratio of 1:1 solutions at the water-decane interface.

Interfacial rheology similarities between WPI- and complex-stabilized nanoemulsions
reinforced the previously drawn hypothesis that protein moieties of the complex are adsorbed at the
interface leaving the pectin moieties oriented towards the bulk aqueous phase. Indeed, it is reported
that complexes may adsorb directly at oil interfaces due to the interaction of protein moieties from
their outside with the decane and the pectin remained linked to these adsorbed protein molecules
(Rodriguez Patino & Pilosof, 2011). The obtained results concerning interfacial rheology suggested on
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the one hand, that probably more aging time is necessary to allow the complete adsorption of WPI at
decane interface; and on the other hand, that changes in the protein:pectin ratio would definitely
modify the properties of the interface.

3.2.5. Theoretical calculation of interfacial density

In order to determine whether complex-stabilized nanoemulsions present denser interfaces, the
interfacial density of the different nanoemulsions was calculated with equations 3-8 (supplementary
material). For this purpose, three assumptions were taken into account: (i) the shape of droplets is
spherical; (ii) every droplet has the same diameter; and (7i7) all biopolymer molecules are located at the
interface. However, significant differences were not observed between the interfacial densities of WPI-
, SBP- and complex-stabilized nanoemulsions (Table 2).

Table 2. Radius (um) and density (g/cm®) of decane-in water nanoemulsions as well as the number and
volume (cm®) of oil droplets necessary to calculate the mass (Mgner) i grams, volume (Vnen) in cm® and
densities of the shell (g/cm®) through equations 1-6; for 100 g of nanoemulsion, 2 g of biopolymer solution
and 20 g of decane, whose density is 0.734 g/cm3 and hence, the oil volume (Vi oil) €quals 27.3 1.8-10°

cm?®.

l.|4:.’;] (llm) Pemulsion Number Voildroplet (cmB) mshell(g) vshell (cmS) Pshell
(g/cm?) of (g/cm?)
doplets
WPI 0.16+0.03 0.950+ 1.7-10%  1.6:1014 £ 1.2:10 5+ 4.6-1014 £ 0.026 £
5-10° 1-10-16 2.6:10"7 1.2-10-1 2-10
SBP 0.19+0.09 0.967 9.4-10* 2.9-10M+ 2.1-10% ¢ 8.1-10°4 = 0.026 +
2-10* 9.6-10°16 1.5-10°13 9.6-10716 8-10+
WPI:SBP 0.11 +£0.07 0.943 + 5.3-10% 5.1-10%+ 3.8-1016+ 1.5-10-1 + 0.025 +
(1:1) 1-10% 1.3:1075 10-102! 1.3-10°15 4103

complex

It may be due to that there the concentration of biopolymer molecules per unit of interfacial
surface was the same in all nanoemulsions whether the emulsifier is a single biopolymer or a complex.
In general, the mass of biopolymer that is adsorbed at the interface depends on several factors
including interactions between the biopolymer and the oil, which in turn will determine the
conformation of biopolymer when adsorbed. Siew et al. (Siew & Williams, 2008) reported that 1
mg/m’ is enough for WPI to form a monolayer coverage, whereas they determined that the required
amount of adsorbed SBP onto limonene oil droplets was ~9.5 mg/m’>. In this regard, the higher
stability of the complex-stabilized nanoemulsions in comparison with the biopolymers alone might be
related to the compactness of the complex at the interface rather than the number of adsorbed
molecules of the interfacial layer.

4. Conclusions

Complex-stabilized nanoemulsions showed lower droplet growth than those WPI- or SBP-
stabilized with the single biopolymer. The lower viscoelastic properties of the interfaces created by the
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complex suggest that protein is adsorbed at the interface while pectin moieties are oriented towards the
bulk aqueous phase. This is in agreement with the negative electrical charge observed in
nanoemulsions stabilized with the complex, which was similar to the one observed in the pectin-
stabilized nanoemulsions. Nanoemulsion stabilization by complexes may take place through a
combination of stearic and electrostatic forces by the protein moieties and pectin chains oriented
towards the aqueous phase, respectively. WPI:SBP complexes are presented as a good strategy to form
nanoemulsions stable during 48 h containing short chain alkanes or short chain triglycerides, although
they are very prone to suffer Ostwald ripening.
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Abstract

This work aimed at obtaining an optimized formation procedure of water-in-oil-in-water (W,/O/W,)
double emulsions as potential templates to carry hydrophilic (e.g. chlorophyllin; CHL) and/or
hydrophobic (e.g. lemongrass essential oil; LG-EO) active compounds. As a first step, the impact of
the hydrophobic surfactant (i.e. Span 80 or PGPR), sodium alginate or NaCl concentration as well as
the homogenization method (i.e. high-shear homogenization, ultrasonication or microfluidization) on
the particle size of the primary W,/O emulsions was evaluated. The inner phase (W,/O) formulated
with PGPR (4% w/w) and sodium alginate (2% w/w) with NaCl (0.05M) and treated by high-shear
homogenization (11,000 rpm, 5 min) presented the smallest particle size (d[4;3] = 0.51 um). As a
second step, the primary W;/O emulsion was subsequently dispersed in a secondary aqueous phase
(W,) at varying hydrophilic surfactant (i.e. lecithin or Tween 20), sodium alginate or NaCl
concentrations and magnetic stirring rate (rpm and time) to obtain double emulsions (W/O/W,). The
formation of stable W,/O/W, emulsions with d[4;3] of 7 um was achieved with the use of lecithin (2%
w/w), sodium alginate (2% w/w) with NaCl (0.05M) and treated by low-intensity UT homogenization
(5,600 rpm, 2 min) followed by 24h of magnetic stirring. The incorporation of CHL and LG-EO in the
inner aqueous phase and lipid phase respectively did not change the double emulsion characteristics.
Overall, this study presents an effective two-step optimized procedure to form stable double emulsions
as potential delivery systems for functional compounds.

Keywords: double emulsion; chlorophyllin; lemongrass essential oil; PGPR; two-step procedure.
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1. Introduction

Water-in-oil-in-water (W/O/W,) double emulsions are emulsion-based systems in which the
dispersed phase is an emulsion itself (Dickinson, 2011a). The inner aqueous phase (W;) is usually
miscible with the final external phase (W) since they have the same polarity, whereas the intermediate
phase (O) is immiscible with the other two (Wang, Zhang, & Hu, 2006). Recently, several applications
have been attributed to double emulsions, such as fat replacers or delivery systems of active
compounds. The formation of double emulsions is generally achieved with a two-step emulsification
procedure in which first a primary water-in-oil emulsion (W,/O) is formed, and is subsequently
emulsified to form the secondary emulsion (W,/O/W,) (Muschiolik & Dickinson, 2017). However, the
fabrication and stabilization of double emulsions remains as a challenge as they are highly susceptible
to destabilization phenomena. Several destabilization mechanisms have been described in double
emulsions, being (i) the coalescence of the lipid dispersed phase; (ii) coalescence of the inner agqueous
droplets between them or with the external aqueous phase and (iii) swelling or shrinkage of the inner
water droplets as result of diffusive transport between both aqueous phases (Dickinson, 2011).

For the overall double emulsion stabilization, the stability of both the inner aqueous W, and
the outer lipid W,/O dispersed phase and their respective interfaces needs consideration. On the one
hand, the presence of a lipophilic surfactant is required for the emulsification and stabilization of the
inner aqueous phase. Spans are commonly used for this purpose but their efficiency in primary
emulsion stabilization needs to be elucidated. Polymeric surfactants such as polyglycerol
polyricinoleate (PGPR) at a 4 to 6% w/w concentration are often utilized as an alternative of spans (Su,
Flanagan, Hemar, & Singh, 2006). However, its use in food-grade formulations is strictly regulated
and it may be detected rapidly due to its unpleasant off-taste when incorporated in the required doses
for double emulsion stabilization (Altuntas, Sumnu, & Sahin, 2017). On the other hand, the outer
W,/O dispersed phase may be stabilized by using an hydrophilic surfactant, such as lecithin, Tweens
or proteins (Garti & Bisperink, 1998). The formation and stabilization of the secondary emulsion with
the dispersed W4/O droplets depends on two main factors. First, the osmotic balance between the two
aqueous phases must be kept in order to avoid diffusive transport of water, which leads to
destabilization of double emulsions (Muschiolik, 2007). For instance, the addition of salt in the W;-
droplets may be able to reduce the osmotic differences and avoid swelling of the inner aqueous
dispersion (Yan & Pal, 2001). And second, the homogenization method to disperse the oil phase
containing the Wy-droplets determines in a high extent the retention of the aqueous inner droplets
within the lipid phase. In this regard, moderate emulsification conditions should be applied to prevent
intense high shearing hydrodynamic forces that may destabilize the previously formed primary
emulsion (Muschiolik & Dickinson, 2017). Due to this mild emulsification conditions, the droplet size
of the dispersed W4/O phase remains relatively large, which in turn allows the retention of the inner
W; dispersed droplets. However, their large droplet size may result in significant destabilization and
phase separation of the W,/O phase from the W, aqueous phase. This effect may be diminished or
avoided by the use of thickening agents in the aqueous phases, such as sodium alginate among others,
in order to reduce the mobility of the W,/O phase and as a consequence prevent phase separation.
Sodium alginate has a strong defined polarity in the aqueous media since it is deprotonated, which
avoids its migration to the internal oil-water interface and may enhance the achievement of aqueous
phase rheological control (Artiga-Artigas, Acevedo-Fani, & Martin-Belloso, 2017; Dickinson, 2011a).
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Therefore, the aim of this work was to study the formation and stabilization of double
emulsions. First of all, the formation of the primary W/O emulsion was investigated with regards the
effect of the homogenization method (ultrasonication, microfluidization or high-shear mixing) and
processing conditions on the particle size of the dispersed W; droplets in the oil phase. Moreover, the
use of several lipophilic emulsifiers (PGPR or Span 80) at different concentrations was evaluated.
Afterwards, the formation of double (W,/O/W,) emulsions was studied by applying different low-
shear homogenization conditions and emulsifiers (lecithin or Tween 20). Additionally, the salt
addition in both aqueous phases in order to maintain the osmotic balance between both phases was
studied as well as the incorporation of sodium alginate as thickening agent. Finally, the use of the
formulated double emulsion as carriers of chlorophyllin (CHL) in the W; phase and/or lemongrass
essential oil (LG-EQ) in the oil phase as examples of active compounds due to their high antioxidant
capacity to be encapsulated and delivered in food systems was assessed (Cheel et al. 2005; Guerra-
Rosas et al. 2017; Lopez-Carballo et al. 2008; Tumolo and Lanfer-Marquez 2012).
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2. Material and Methods

2.1.Materials

Sodium alginate (MANUCOL®DH) was obtained from FMC Biopolymer Ltd (Scotland,
U.K.). CHL (coppered trisodium salt) with a molecular weight of 724.15 g/mol, copper contain of 3.5-
6.5% and a purity of > 95% was purchased from Alfa Aesar (Thermo Fisher Scientific, GmbH,
Karlsruhe, Germany). NaCl from POCH S.A. (Gliwice, Poland) was used to improve interfacial
thermodynamic stability by controlling the osmotic balance between the two aqueous phases. Corn oil
(Koipesol Asua, Deoleo, Spain) and LG-EO (Cymbopogon citratus) from Laboratories Dicana (Spain)
were used as lipid phase. Sunflower oil, which was kindly donated by Borges (Lleida, Spain), was the
dispersant in particle size measurements. Span 80 (Sorbitane monooleate) obtained from Alfa Aesar
(Thermo Fisher Scientific, GmbH, Karlsruhe, Germany) or Polyglycerol Polyricinoleate (PGPR 90)
from castor oil (Grinsted®, DuPont Danisco NHIB Iberica S.L, Barcelona, Spain) were utilized as
hydrophobic surfactants. Tween 20 (Polyoxyethylenesorbitan Monoesterate) (Lab Scharlab,
Barcelona, Spain) or L-a-Soybean lecithin was acquired from Alfa Aesar (Thermo Fisher Scientific,
GmbH, Karlsruhe, Germany) and used as food-grade non-ionic surfactants. Ultrapure water, obtained
from Millipore Milli-Q filtration system (0.22 pum) was used for the formulation and analysis of
nanoemulsions.

2.2.Water-in-oil emulsions (W1/O) and double emulsions (W1/O/W,) formation

W,/O/W, nanoemulsions were prepared following a “two-step” emulsification process where
first a water-in-oil (W4/O) emulsion was formed and this one was subsequently dispersed in a second
aqueous phase to obtain the so called double emulsion (W1/O/W,).

Formation of water-in-oil (W;/O) emulsions

For the formation of the W,/O emulsions, a ratio aqueous phase (W,)/oil phase (O) of 30/70
(w/w) was used. Different parameters including hydrophobic surfactant type and concentration,
emulsification mechanism as well as sodium alginate and salt concentration in the inner aqueous phase
were evaluated during the formation of W,/O emulsions. In addition, the feasibility of incorporating
LG-EO as a hydrophobic compound in the lipid phase of W;/O emulsions was tested.

Firstly, in order to assess the type and concentration of hydrophobic surfactant, the aqueous
phase of emulsions was prepared by dissolving 1% w/w sodium alginate in ultrapure water at 70 °C
and stirred during 3 hours to ensure its complete hydration. After reaching room temperature, the exact
amount of CHL (27 ppm) was added to the alginate solution until its dissolution. This agqueous phase
was dispersed into a lipid phase containing corn oil and Span 80 (4, 6 or 10% w/w) or PGPR (4, 6 or
10% wiw), which were evaluated as hydrophobic surfactants. Both phases were mixed through three
different procedures for the formation of W,/O: A) high shear homogenization (HSH) with a T25
digital Ultra-Turrax (IKA, Staufen, Germany) at 11,000 or 22,000 rpm and during 1, 2, 3 or 5 min; B)
HSH (11,000 rpm, 5 min) followed by ultrasonication (US) with a UP 400S Hielscher sonifier
(Hielscher Ultrasound Technology, Teltow, Germany) at amplitudes of 30, 60 or 100 pum and for 1, 3
or 5 min and C) HSH (11,000 rpm, 5 min) followed by microfluidization (MF) with a microfluidizer
(M110P, Microfluidics, Massachusetts, USA) at 150 MPa and 1-5 cycles.

208



Publications: Chapter VI

Secondly, for the establishment of sodium alginate and NaCl concentration W,/O emulsions
containing 0-2% w/w of biopolymer and 0-0.25M in their aqueous phase were mixed by HSH at
11,000 rpm during 5 min.

Finally, when the optimization procedure and formulation of the double emulsions as a model
of delivery system of bioactive compounds was established, 1% w/w lemongrass (as hydrophobic
bioactive compound) was incorporated to the lipid phase of W,/O emulsions.

Formation of double (W,/O/W,) emulsions

The previously prepared W,/O emulsion was dispersed in a secondary aqueous phase (W,) in
a ratio 1/4 (primary emulsion/W,) leading to W/O/W, emulsion formation. The W, phase contained
2% w/w sodium alginate, NaCl (0-0.25 M) and Tween 20 or lecithin (2-4% w/w) as hydrophilic
surfactants. W,;/O/W, emulsions were obtained by HSH with an Ultra Turrax (T25 digital Ultra-
Turrax, IKA, Staufen, Germany) at 5,600 rpm and 2 min followed by magnetic stirring at 750 rpm,
during 3, 5, 18 and 24h.

2.3.Characterization of water in oil emulsions (W1/O) and double emulsions (W1/O/W;)

In order to establish the most suitable processing conditions and formulation for the formation
of W,/O and W,/O/W, emulsions, these were characterized in terms of mean droplet diameters
(d[4:3]) and particle size distribution. Turbidity measurements were performed on selected double
emulsions in order to detect possible flocculation or creaming phenomena. Once the formulation and
processing conditions were optimized, apparent viscosity and color with regards to a*and b*
parameters and whiteness index of W,/O and W,/O/W, emulsions were measured. Also, particle size
and morphology of the resultant W,/O/W, emulsions were evaluated through confocal microscopy
together with the assessment of their turbidity during 21 days of refrigerating storage.

2.3.1. Particle size and particle size distribution

The emulsion droplet size was measured by the laser diffraction technique with a Mastersizer
3000™ (Malvern Instruments Ltd., Worcestershire, UK). The measured droplet size was expressed as
volume-weight and surface-weight diameter (d[4;3] and d[3;2] in um. Refractive indexes (RI) of corn
oil and lemongrass essential oil were 1.47 and 1.48, respectively. For the measurement of particle
sizes of W,/O emulsions, sunflower oil, whose RI was the same as corn oil, was used as dispersant,
whereas W,/O/W, emulsions were dispersed in distilled water (R1=1.33).

2.3.2. Apparent viscosity

A vibro-viscometer (SV-10, A&D Company, Tokyo, Japan) vibrating at 30 Hz was used to
measure the viscosity (mPa-s) of 10 mL aliquots of the W,/O and W,/O/W, emulsions. Moreover, the
viscosity of water, which was used as dispersant phase, was 0.91 mPa-s. This value was considered
with regard to DLS measurements, which were all performed at 25 + 2 °C.
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2.3.3. Color of W1/O and W1/0/W; emulsions

The color of W;/O and W,/O/W, emulsions was measured with a colorimeter (Minolta CR-
400, Konica Minolta Sensing, Inc., Osaka, Japan) at room temperature set up for illuminant D65 and
10° observer angle and calibrated with a standard white plate. CIE L*, a* and b* values were
determined, and the whiteness index (WI) was calculated with equation 1 (Salvia-Trujillo, Rojas-Grald,
Soliva-Fortuny, & Martin-Belloso, 2013a):

WI= 100-((100-L)%+(a’+b%))%* eq.(1)

2.3.4. Turbidity over time

The stability of the prepared W./O and W,/O/W, emulsions containing CHL and/or LG-EO
was performed in duplicate through a turbidity study with a Turbiscan Classic (Formulaction,
Toulouse, France) during 21 days of refrigerated storage at 4°C. The turbidity measurement allows the
detection of the most common destabilization mechanisms of emulsions such as creaming,
sedimentation, flocculation or coalescence by multiple light scattering. Then, the Turbiscan software
enables to interpret the obtained data easily.

2.3.5. Confocal fluorescence microscopy

Fresh double emulsions containing CHL and/or LG-EO were dyed with Nile red (Sigma
Aldrich, Merk, Darmstadt, Germany), a fat-soluble fluorescent dye that was previously dissolved at
0.1% (w/v) in polyethilenglycol (Sigma Aldrich, Merk, Darmstadt, Germany). Afterwards, double
emulsions microstructure was observed with an Olympus Spectral Confocal Microscope (Olympus
FV1000, Melville, NY) with 100x oil immersion objective lens. All images were taken and processed
using the instrument software program (Olympus FVV10-ASW viewer, Melville, NY).

2.3.6. Encapsulation efficiency of double emulsions (W/O/W;) containing

chlorophyllin

In order to calculate the CHL encapsulation efficiency (EE) of W1/O/W, emulsion, aliquots of
10 mL were placed inside a centrifuge tube and 20 mL of food grade methanol were added. After
centrifuging (3000 g, 10 min) with a Hettich® Universal 320 centrifuge (Sigma-Aldrich, Darmstadt,
Germany) the outer aqueous phase with the non-encapsulated CHL (free CHL) was filtered through a
0.22 mm Vinylidene Polyfluoride (PVDF) syringe filter and quantified by analyzing the solvent
spectrophotometrically with a V-670 spectrophotometer (Jasco, Tokyo, Japan) at 405 nm. The EE of
the obtained W,/O/W, emulsions was calculated by equation (2) (Giroux et al., 2013):
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C(W1)xX(W1)— Cs*(V+X(W2))
C(W1)*+X(W1)

%EE = x 100 eq.(2)

where C(w;) is the initial CHL concentration in the internal aqueous phase of the emulsion (27 ppm), Cs is the
CHL concentration in the subphase collected after centrifugation of the diluted emulsion, X(W,) and X(W,) are,
respectively, the mass fractions of the internal (0.06) and external (0.8) aqueous phases for 1Kg (V) of emulsion.
All the measurements were performed in triplicate.

2.3.7. Antioxidant capacity of double emulsions (W /O/W>)

The antioxidant capacity of CHL and lemongrass essential oil (LG-EQO) both solved in
methanol (used as controls), as well as, CHL- and CHL/LG-EO-loaded emulsions was determined by
DPPH and FRAP assays. Although both methods are able to measure the antioxidant capacity of a
sample, the main difference between them is that DPPH assay is based on the presence of radicals
(DPP-), whereas FRAP consists of an electrons exchange (Thaipong et al., 2006).

The DPPH procedure was conducted according to the method of Brand-Williams, Cuvelier, &
Berset, (1995) with some modifications. The DPPH radical solution was prepared by dissolving 3.75
mg of DPPH radical in 100 mL of methanol. The absorbance of solution was adjusted to a value
between 0.7-0.8 + 0.02 (measured at 515 nm). Aliquots of 10 pL of sample were placed in a
microplate with 90 pL of Milli-Q water and 3900 pL. of DPPH radical solution was added to each
sample. Samples were incubated for 30 min in the dark and the absorbance at 405 nm was measured.

FRAP assay was carried out as described by Benzie & Strain (1996) with some modifications
where 150 uL of sample were placed into each tube and mixed with 2850 uLL of FRAP solution. The
samples were incubated at room temperature in the dark for 30 min and the absorbance was measured
at 630 nm after prior filtration.

Results were reported as mg of Trolox equivalents per mL of solution (mg TE/mL) using a
standard curve of Trolox (Velderrain-Rodriguez et al., 2015). In both methods, triplicate
determinations were made at each dilution of the standard.

2.4.Statistics

All the procedures were assessed in duplicate, and at least three measurements of each parameter
were carried out. The statistical software SigmaPlot 11.0 (Systat Software Inc., Pennsylvania, USA)
was used to perform the analysis of variance. To determine differences among means of the different
procedures, One Way ANOVA test was run at a 5% significance level.
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3. Results and Discussion

First, the formation of the primary (W,/O) emulsion was studied by determining the influence
of the surfactant type and concentration, and homogenization method on the particle size and particle
size distribution of the inner W;-droplets dispersion. Second, the formation of the subsequent double
emulsion was evaluated in terms of the surfactant type and concentration and emulsification
conditions. The effect of the presence of salt and sodium alginate were assessed both in the primary
and double emulsions. Finally, the incorporation of CHL in the inner W, phase and LG-EO in the oil
phase of the optimized double emulsion formulation was determined and the physicochemical stability
and antioxidant capacity of the final double emulsion was determined.

3.1.Water-in-oil emulsions (W,/O)

Primary W,/O emulsions were formed at varying Span 80 or PGPR concentrations (4, 6 and
10% wiw) (Figure 1A) by HSH (11,000 rpm, 5 min). Subsequently, several homogenization methods
and conditions were studied, such as HSH, US or MF (Figure 2). Also the influence of sodium alginate
incorporation (0-2% w/w) as well as salt addition (0-0.25M) on the particle size of the primary W,/O
dispersion was investigated (Figure 1B and C, respectively).

3.1.1. Effect of type and concentration of the hydrophobic surfactant in the particle

size of W1/0 emulsions

The particle size of W,/O emulsions decreased at increasing the concentration of Span 80 or
PGPR from 4% to 10% w/w (Figure 1A). Nevertheless, the performance in reducing the particle size
of the W4/O emulsions was significantly different for both surfactants. In this regard, PGPR led to
W,/O emulsions with remarkably smaller particle sizes than Span 80. In fact, particle sizes of PGPR-
stabilized W,/O emulsions ranged between 0.396 and 0.802 um with monomodal particle size
distributions while those with Span 80 exhibited particle sizes above 32 um for all the tested
concentrations. Moreover, particle size distributions of W4/O emulsions containing Span 80 presented
intensity peaks around 1 and 10 um suggesting a high polydispersity.

Span 80 is a small molecular surfactant that is expected to rapidly adsorb to water droplets
thus reducing the interfacial tension and avoiding coalescence (Wooster et al., 2008a). However, Surh
et al. (2007) observed that although Span 80 was soluble in vegetable oils such as corn oil at room
temperature, the resultant W,/O rapidly separated after the homogenization process. Therefore, in
order to obtain water-in-oil emulsions with particle sizes sufficiently small to be re-encapsulated
during the second step, Span 80 needs to be at very high concentrations in the oil (Dickinson, 2011).

One alternative to avoid the use of elevated concentrations of surfactant is to increase the
viscosity of the oil phase (Weiss & Muschiolik, 2007). In this regard, polymeric surfactants such as
PGPR are potential substitutes to stabilize multiple emulsions. Certainly, the use of PGPR at surfactant
concentration of 4% w/w led to W,/O emulsions with particle size bellow 1 pm (Figure 1A). PGPR
may be able to better interact with lipid phase due to its higher hydrophobicity compared to Span 80,
thus forming a kinetic barrier protecting the emulsion against droplets coalescence (Tabibiazar &
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Hamishehkar, 2015). Therefore, the chosen hydrophobic surfactant used for the formation of the
subsequent double emulsions was PGPR (4% wi/w).
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Figure 1. Effect of the type and concentration of hydrophobic surfactant in the particle size of water-in-oil
emulsions (W./O) produced by high-shear homogenization (11,000 rpm, 5 min) containing 27 ppm of
Chlorophyllin and 1% w/w of sodium alginate in the aqueous phase and corn oil as dispersed phase (A).
Influence of sodium alginate concentration (0-2% w/w) (B) and NaCl concentration (0-0.25 M) (C) in the
inner aqueous phase on the formation W,/O emulsions, containing 27 ppm of Chlorophyllin and 2% w/w
sodium alginate in the aqueous phase and 4% w/w of PGPR in corn oil as dispersed phase. Mean volume-
weighed droplet diameters (d[4;3]) of emulsions are specified within boxes.

3.1.2. Influence of the homogenization procedure on the formation of W1/0

emulsions

It has been reported that the fabrication of W, dispersed droplets of nanosized range
contributes in the overall stability of the resultant W,/O/W, emulsion (Fathi, Mozafari, & Mohebbi,
2012; Lamba et al., 2015a). Therefore, three different high energy procedures including laboratory
HSH, HSH followed by US or MF were tested in order to obtain W;/O emulsions with small particle
sizes. The first HSH was performed at 11,000 or 22,000 rpm during 1, 2, 3 or 5 minutes. At 11,000
rpm, the longer the processing time, the smaller the mean particle size (d[4:3]) of W./O emulsions
reaching values of 509 nm after 5 min (Figure 2A). However, as increasing the frequency of HSH
processing up to 22,000 rpm, the destabilization of W,/O emulsions started after the first 2 minutes of
processing leading to polydisperse distributions with particles sizes higher than 15 um. This suggests
that HSH frequency significantly affected the reduction of particle size. HSH device produces
cavitation, collision and turbulence forces, which causes breakdown of the droplets and uniform
dispersion of the dispersed phase (Lamba et al., 2015a). However, under certain conditions, these
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forces can cause an over-processing of the emulsions that may provoke re-coalescence due to an
increase in the surface area, thus favoring polydispersion (Jafari et al., 2007b). Therefore, the most

suitable conditions to obtain nanoparticles and monomodal distributions were 11,000 rpm during 5
min.

After these conditions of HSH, US at amplitudes of 30, 60 and 100 pm during 1, 3 or 5 min; or
MF (1-5 cycles at 800 bar) were applied in order to evaluate their effect in W1/O emulsions particle
size. Regarding US application, the longer the processing time, the larger the particle size of W,/O
emulsions regardless the amplitude applied (Figure 2B). In this regard, the smallest particle sizes were
obtained after 1 min of US in all the cases being the one prepared with an amplitude of 30 pm, which
lead particle sizes below 1 um, (d[4:3]= 850 nm). Moreover, all the distributions were polydisperse
thus suggesting an over-processing of emulsions, which may cause droplets re-coalescence and further
emulsions destabilization (Jafari et al., 2007Db).
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Figure 2. Effect of the homogenization procedure in the formation of W,/O (3/7) emulsions containing 27
ppm of chlorophyllin (CHL) and 1% w/w sodium alginate as aqueous phase and 4% w/w PGPR in corn oil
as lipid phase. (A) Variation of the high shear homogenization frequency and time. (B) High shear
homogenization (11,000 rpm, 5 min) followed by sonication at different amplitude and times. (C) High
shear homogenization (11,000 rpm, 5 min) followed by microfluidization (150 MPa, 1-5 cycles). Mean
droplet diameters (d[4;3]) of emulsions are specified within boxes.

In the case of using MF after HSH, particle size of W;/O promptly increased immediately after
the first cycle of microfluidization from 0.51 to 38.06 um and it was further reduced during the
following cycles (Figure 2C). Despite the fact that MF is considered as the most efficient technique to
form fine emulsions, the reduction in particle size it is effective only until a certain limit (Xu et al.,
2014). This means that shearing the emulsion at the same pressure may not produce any additional
rupturing or change in particle size (Meleson, Graves, & Mason, 2004; Salvia-Trujillo et al., 2013b).
Indeed, MF reduced particle size of W,/O emulsions with increasing cycles up to the 4™ one, reaching
values of 1.51 um (Figure 2C). Then, particle size slightly increased after the application of the last
cycle (Figure 2C). In agreement with our results, Jafari et al. (2007) observed an increase in the d[4;3]
of their submicron emulsions after increase the microfluidization pressure from 20 to 60 MPa. Several
authors including Kolb, Viardot, Wagner, & Ulrich (2001) and Schultz, Wagner, Urban, & Ulrich
(2004) also observed this over-processing during high-pressure homogenization. This phenomenon
has been attributed to the fact that the efficiency of each microfluidization cycle is not complete since
shear flow is not equal distributed in all the emulsion being the droplets near the walls who
experimented the weakest forces thus resulting in size distributions containing larger particles.

3.1.3. Impact of sodium alginate and NaCl salt incorporation in the stabilization of

W1/0 emulsions

Sodium alginate incorporation has a critical impact in the stabilization of W;/O emulsions
since its absence led to emulsions with huge particle sizes (>280 um), whereas a concentration of 1%
w/w was enough to obtain monomodal distributions and particle sizes below 1 pm (Figure 1B).
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Moreover, at increasing the concentration of sodium alginate up to 2% w/w water-in-oil emulsions
showed twice of apparent viscosity (data not shown). It is reported that the enhancement of the
viscosity of the prior W;/O emulsion may improve the stability of the subsequent double emulsion
(Muschiolik & Dickinson, 2017). In addition, other authors have also observe a positive effect on
W,/O/W, stabilization after the incorporation of biopolymers to the inner agueous phase (Dickinson,
2011b; Mezzenga, Folmer, & Hughes, 2004). It is believed that the origin of this enhancement of
stability is due to the interaction between polysaccharide and lipophilic surfactant, which provides a
viscoelastic barrier thus preventing droplets coalescence (Garti, 1997). Indeed, some authors as
Dickinson (2011b) also observed this synergistic stabilizing effect between the biopolymer
(e.g.sodium caseinate) and PGPR.

Also, the incorporation of electrolytes like NaCl together with biopolymers to the inner water
phase of double emulsions (W,) can improve their thermodynamic stability by controlling the osmotic
balance (Benichou et al., 2004). Figure 1C shows that salt incorporation had not a significant effect in
the particle size of fresh emulsions. However, Figure 3A revealed that water-in-oil emulsions prepared
without NaCl, experimented an increase of particle size (zone Il) and creaming (zone Il1) during the
first 72 h. Each backscattering plot generated can be split in three zones named as | (on the left), 1l (in
the middle) and 11l (on the right) corresponding to the bottom, the intermediate part and the top of the
tube, respectively. In this regard, down peaks in zone | mean clarifications and are usually related with
up peaks in zone Il thus suggesting creaming. Likewise, up peaks in zone | may indicate
sedimentation and are often accompanied by down peaks in zone Ill. The displacement of the
horizontal lines from zone Il points out variations in emulsions particle size due to flocculation or
coalescence. However, those containing 0.05M of NaCl salt did not experiment variation in their
turbidity thus suggesting that they were stable during at least a week of refrigerated storage (Figure
3C).

In the case of W,/O emulsions with concentrations of salt below or over 0.05M, phase
separation occurred after 4 days of storage (Figures 3B or 3E and 3F, respectively) being this
disruption even more abrupt in emulsions containing NaCl concentrations of 0.25M (zone I1). Scherze,
Knoth, & Muschiolik (2006) also observed that the addition of NaCl to the inner aqueous phase of
W,/O emulsions containing PGPR as surfactant was essential to prevent coalescence phenomenon.
This suggests that the interaction between NaCl and PGPR may contribute to increase droplet size
stability since electrolytes can increase the adsorption density of surfactant thus reducing emulsion
interfacial tension (Aronson & Petko, 1993; Dickinson, 2011).
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Figure 3. Turbidity assessment expressed as back scatter intensity (%) along a tube (mm) containing
water-in-oil emulsions (W,/O) formulated with 27 ppm of chlorophyllin, 2% w/w sodium alginate and 4%
w/w PGPR, after no salt addition (A) or 0.01M NaCl (B); 0.05M NacCl (C), 0.1M NacCl (D) and 0.25M NaCl
(E) was added. The destabilization phenomena usually registered by the Turbiscan include clarifications
(down peaks in zone 1), variations in particle size (displacement of the horizontal lines from zone II:
flocculation or coalescence) and creaming (up peaks in zone I11).

3.2.Double emulsions (W1/O/W5)

Iniatially, the prepared W1/O emulsion containing 2% w/w of sodium alginate and NaCl
0.05M in the inner aqueous phase, was dispersed in a second aqueous phase (W,) and the effect of the
time of magnetic stirring (3-24h) on the formation of W,/O/W, emulsions was assessed (Figure 4A).
Secondly, W,/O/W, emulsions were prepared using different concentrations (2-4% w/w) of Tween 20
or lecithin as hydrophobic surfactants (Figure 4B-D). Finally, the impact of NaCl incorporation (0-
0.25 M) in the W, on the particle size of the resultant W,/O/W, emulsions was also evaluated (Figure
4E).

3.2.1. Effect of the homogenization procedure on the formation of W,/O/W,

After dispersing W,/O emulsion into the W, both phases were mixed by HSH at 5,600 rpm
and 2 min, followed by magnetic stirring at 750 rpm during different times (3-24h) to the formation of
W,/O/W, emulsions. Regarding Figure 4A, all the obtained double emulsions were polydisperse
probably due to the application of low shear energies required to prevent the disruption of the initial
water-in-oil interface (Méarquez, Palazolo, & Wagner, 2007; Muschiolik & Dickinson, 2017). As it is
shown in Figure 4A, the higher the time of stirring, the lower the particle size of W/O/W, emulsions,
reaching a value of 3.6 um after 24h with regards the initial one of 8.6 um. It is well-known that lower
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particle sizes provide high colloidal stability and large interfacial area to volume ratio thus preventing
phenomena such as coalescence (Wooster et al., 2008a). Nonetheless, the final particle size of
W,/O/W, emulsion has to be large enough to ensure the absence of external (W,/O globule-W,/O
globule) and internal (W, droplet-W; droplet) coalescence phenomena (Bonnet, Cansell, Placin, Anton,
& Leal-Calderon, 2010). In their study Bonnet et al. (2010) reported that their W,/O/W, emulsions, in
which W,/O globules were about eight times larger than W, droplets, remained invariant over 30 days.
In this regard, concerning our results, W; droplets of 509 nm should be able to coexist without
coalescing within those W,/O, whose mean particle sizes were around 4 pm. Therefore, magnetic
stirring performed at 750 rpm during 24 h were considered as valid processing conditions to prepare

W,/O/W, emulsions.
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Figure 4. Effect of the magnetic stirring time on the particle size distribution of double emulsions
(W1/O/W,) containing 2% w/w sodium alginate, 27 ppm of chlorophyllin and 0.05M NaCl in the inner
aqueous phase (W,) and 4% w/w PGPR and corn oil as dispersed phase (O). As a model of outer aqueous
phase (W), 2% w/w sodium alginate and 4% w/w Tween 20 was used as stabilizing agent and surfactant,
respectively (A). Influence of Tween 20 and lecithin concentration in the (B) particle size and (C, D)
turbidity during time of W,/O/W, emulsions at concentrations of hydrophilic surfactant of 2 and 4% wi/w.

(E) Impact of NaCl incorporation (0-0.25 M) in the particle size of W,/O/W, emulsions containing 2% w/w
as hydrophilic surfactant.

Overall, W,/O emulsions had been prepared by high shear homogenization (11,000 rpm, 5
min) and mean volume-weighed droplet diameters (d[4;3]) of emulsions are specified within the
boxes. W,/O/W, were prepared by low-energy high shear homogenization at 5,600 rpm during 2 min
followed by magnetic stirring at 750 rpm, during 3, 5, 10 or 24 h (A) or during 24 h in the rest of plots.

3.2.2. Influence of the hydrophilic surfactant type and concentration on the

particle size of Wi/O/W;

In order to observe the influence of type and concentration of surfactant on their particle size
and stability over time, W1/O/W, emulsions containing Tween 20 or lecithin as hydrophilic surfactant
at concentrations of 2 and 4% w/w were prepared (Figure 4B and C-D, respectively). As increasing the
concentration of surfactant from 2 to 4% w/w, the mean particle size of W,/O/W, emulsions, decreased
from 7.3 to 6.8 pm when Tween 20 was used and from 8.7 to 5.7 pm in those lecithin-stabilized.
Therefore, only in the case of lecithin the premise that the higher the concentration of surfactant, the
smaller the particle size is fulfilled (Zirak & Pezeshki, 2015). In spite of 4% w/w lecithin led to smaller
particles sizes, at lower concentration of lecithin (2% w/w) the minor peak observed in the particle size
distribution plot was minor and the major peak was more intense. This suggested a more successful
W,/O/W, emulsion formation since the polydispersity index was lower (Figure 4B). Moreover,
W,/O/W, emulsions containing lecithin remained stable during at least 10 days as suggested by the
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turbidity measurements, whereas in those containing Tween 20 destabilization occurred after the
second day of storage (Figure 4C and 4D, respectively). Indeed, according to Bastida-Rodriguez
(2013) lecithin and PGPR have complementary rheological properties, which allows an optimal
control in the stability of the prepared systems.

3.2.3. Impact of sodium alginate and NaCl salt incorporation on the stabilization

of W/O/W,

The effect of NaCl incorporation on the particle size and particle distribution of W,/O/W,
emulsions is presented in Figure 4E. All of the emulsions showed bimodal distributions regardless the
concentration of salt. Moreover, W;/O/W, emulsions particle size increased from 6.3 to 7.9 um when
the concentration of NaCl in the W, phase incremented from 0.01 to 0.25M. However, significant
differences between particle sizes of double emulsions containing 0.05 or 0.1M of NaCl were not
observed. In order to ensure the stability of the second interface, a balance between Laplace and
osmotic pressures is required, which means between W, droplets in oil and between W, droplets and
the outer agueous phase (W,) (Kanouni et al.,, 2002). Therefore, it is recommended that the
concentration of salt in both aqueous phases (W;and W,) was the same. Actually, an excess or lack of
salt in one of them may cause droplets migration to or from the other, respectively causing subsequent
breaking of W,/O/W, emulsions structure (Rosano & Hidrot, 1998). Likewise, sodium alginate
contains functional groups such as carboxylates, which can easily dissociate in the aqueous phase and
as a result, provide negative charge to the emulsions (Pereira et al., 2013). Therefore, again an excess
of a lack of ions in one of the aqueous phases may disrupt the osmotic balance between them leading
to W,/O/W, emulsion destabilization. Thus, in order to avoid ions migration, which may in turn lead to
water diffusion between the inner and outer aqueous phases, 2% w/w of sodium alginate and 0.05M
NaCl were also added in the W, phase.

3.3.Physicochemical characterization of W;/O and W;/O/W, emulsions containing
chlorophyllin and/or lemongrass essential oil

W,/O/W, emulsions loaded with CHL and/or LG-EO were prepared in order to assess the
effectiveness of these systems as carriers of one or more active compounds through the study of their
physicochemical properties (i.e. particle size and distribution, turbidity, apparent viscosity and color).
Also, the encapsulation efficiency of CHL and antioxidant capacity of W./O/W, emulsions were
evaluated.

Physicochemical properties of loaded W1/O and W/O/W; emulsions

The three types of prepared W1/O emulsions containing (i) 27 ppm CHL, (ii) 1% w/w LG-EO
or (iii) both, showed particle sizes around 560 nm (d[4;3]), whereas their subsequent W,/O/W,
emulsions had d[4;3] about 6-7 + 0.7 um (Figure 5A). Moreover, droplet sizes of W1/O and W/O/W,
emulsions loaded with CHL and/or LG-EO were not significantly different. The formation of
W,/O/W, emulsions containing CHL and/or LG-EO and their particle size were confirmed by confocal
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images. As it can be observed in Figure 5B, the majority of oil droplets contained several small water
droplets within them, proving the successful formation of W,/O/W, emulsions (Lamba et al., 2015a).

Moreover, W1/O/W, emulsions containing LG-EO exhibited high stability during storage time
(Figure 5C), where initiation of creaming was registered (small up peaks in zone Ill) after 15 or 21
days of refrigerated storage (without or with CHL, respectively). However, particle sizes of W,/O/W,
emulsions without LG-EO changed over time as indicated by the displacement of horizontal lines in

zone Il (Figure 5C).
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Figure 5. Mean droplet diameters (d[3;2] and d[4;3]) of water-in-oil emulsions (W,/O) and double
emulsions (W./O/W,) and particle size distributions (A), confocal images (B) and tubidity measurements
during 21 days of refrigerated storage (C) of W./O/W, emulsions containing chlorophyllin (CHL) and/or
lemongrass essential oil (LG-EO).

Our previous research showed a synergistic effect between LG-EO and the biopolymer (M.
Artiga-Artigas et al., 2018). Therefore, the presence of LG-EO in the oil phase of double emulsions
might improve W1/O/W, emulsions emulsification in presence of sodium alginate thus enhancing their
stability. These results are in agreement with the EE, % values since double emulsions containing
CHL and LG-EO exhibited higher EE than those without EO (91 * 6-10° and 84 + 1-102
respectively). This suggests that concentrations of 1% w/w LG-EO were able to slowdown inner water
droplets diffusion. Therefore, a small quantity of LG-EO (1% wi/w) in the oil phase of W,/O/W,
emulsions might contribute positively to extend their stability over time by improving emulsification.

Regarding the color of W;/O and W,;/O/W, emulsions, it varied significantly depending on the
encapsulated bioactive as it can be observed in Tables 1 and 2, respectively. In emulsions containing
CHL, a* values were negative and b* values positive, which respectively determine green and yellow
characteristics. After W,/O/W, emulsion formation a* parameter decreased (became less negative),
whereas b* increased (Tables 1-2). This can be explained because CHL in the W,/O/W, emulsion is
doubly encapsulated, then if there is no migration of the pigment to the W,, green color should be less
intense. Additionally, this double encapsulation consists of dispersing the primary emulsion containing
the CHL into a second water phase (W,) in a ratio 1/4.

Therefore, the final concentration of CHL in the W,/O/W, emulsion is lower than in the W,/O
emulsion. High values of b* parameter were also expected because of the intense yellow color of corn
oil (Ekthamasut & Akesowan, 2010). In addition, WI of W./O/W, emulsion was higher than of the
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primary emulsion (Tables 2 and 1, respectively). After homogenization corn oil as many vegetable oils
may increase emulsions opacity, which translates as the increase of their WI (Artiga-Artigas et al.,
2017). It is described that the light scattering of oil droplets depends on emulsions droplet size
(McClements, 2002). Therefore, large particles of W,/O/W, emulsion scatter the light more intensely
than smaller ones (W1/O emulsion), which may cause an increase in the lightness, opacity and
whiteness index of emulsions (McClements, 2011; Salvia-Trujillo, Rojas-Gral, Soliva-Fortuny, &
Martin-Belloso, 2015).

Table 1. Physicochemical properties of water-in-oil (W,/O) carrying chlorophyllin and/or lemongrass
essential oil.

Viscosity * Whiteness index
a b*
Bioactive compound (mPa:s) (W)
W,/O W.,/O W./O W,/O
Chlorophyllin (CHL) 144 +1° -5.82+£0.05" 3.24 £0.08" 73.38 £0.03°

Lemongrass EO (LG-EO) 153 +5.10%"  -0.87+0.03"° 4.50 +0.04 79.63 +0.03"

CHL/LG-EO 141 +3-10*° -4 +£5.10°° 4+8.10°¢ 76.33 + 0.09°

ab¢Means values in the same column with different letters are significantly different at p < 0.05.

Likewise, in those emulsions containing LG-EO, b* parameter was predominant since both
oils (LG-EO and corn oil) are yellow-colored. Moreover, as observed in Tables 1 and 2, this parameter
abruptly increased after the formation of W1/O/W, emulsion. This increase might be directly related to
a decrease in WI according to equation 1. The WI of W,/O emulsions containing LG-EO was higher
than that of those prepared with just corn oil. This parameter depends fundamentally on the RI of
continuous and dispersed phases thus since the Rl of LG-EO is 1.48 while corn oil’s Rl is 1.47, LG-
EO contributed to increase emulsions opacity (McClements, 2002). However, the second HSH and
following magnetic stirring did have a positive effect in reducing WI. Similarly to our results, Guerra-
Rosas, Morales-Castro, Ochoa-Martinez, Salvia-Trujillo, & Martin-Belloso (2016) and Salvia-Trujillo
et al. (2013a) also reported a decrease of WI in nanoemulsions containing LG-EO and alginate in the
aqueous phase after HSH procedures.
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Table 2. Physicochemical properties of double emulsions (W./O/W,) carrying chlorophyllin and/or
lemongrass essential oil.

Viscosity - Whiteness index
a b*
Bioactive compound (mPa:s) (Wr)
W./OM, W,/O/W, W,/O/W, W./OM,
Chlorophyllin (CHL) 253 + 23 -4,72 +0.01° 6.34 +0.04° 74.89 + 0.05%
Lemongrass EO (LG-EO) 279 + 2° -2.32+0.07° 13.48+0.07° 73.65 + 0.04°
CHL/LG-EO 266 + 26° -4.60 + 0.06° 13.7+0.2° 723 +0.1°

ab¢ Means values in the same column with different letters are significantly different at p < 0.05.

Antixidant capacity of loaded W1/O/W; emulsions

Antioxidant capacity (AC) of W./O/W, emulsions and the two prepared controls expressed as mg
of Trolox equivalents (TE) per g of emulsion is shown in Table 3. Regarding the solutions of pure
bioactive compounds in MeOH, both assays showed that AC of LG-EO was higher than the AC of
CHL. Based on the results obtained by DPPH assay, all W;/O/W, emulsions presented high AC and
similar among them and to both control solutions (= 8,000,000 mgTE/g). However, when FRAP assay
was performed, AC of W/O/W, emulsions containing LG-EO was significantly higher than the other
two types of double emulsions (Table 3) being those containing both bioactive compounds which
exhibited the lowest AC (1,696.4 £ 643.9 mgTE/g). It could be due to FRAP assay is based on the
reducing power of double emulsions and more specifically, of bioactive compounds within them.

Table 3. Antioxidant capacity of two controls of chlorophyllin and lemongrass in methanol and of double
emulsions (W./O/W,) containing chlorophyllin and/or lemongrass essential oil.

DPPH mg TE/g FRAP mg TE/g
W,/O/W, with chlorophyllin (CHL) 7,974,625.2 + 26,333.2° 7,446.4 + 530.3°
W,/O/W, with Lemongrass EO (LG-EO) 7,867,557.2 + 31,413.4° 56,142.9 + 2323.4°
W,/O/W, with CHL/LG-EO 7,963,989.3 + 17,508.9° 1,696.4 + 643.9°
CHL 27 ppm in Methanol (MeOH) 8,203,297.0 + 59,093.9° 22,339.3 + 277.8°
LG-EO (1% w/w) in MeOH 8,250,449.5 + 11,715.6° 88,821.4286 + 1-107¢

abde Means values in the same column with different letters are significantly different at p < 0.05.
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Thus, this assay consists of detecting the reduction of ferric ion (Fe*") into ferrous iron (Fe**)
using ferrozine as dye (Cheung et al., 2016). In this regard, if some species are reduced, others have to
be oxidized being the LG-EO the most exposed bioactive compound in double emulsions. After
catalytic oxidation, the essential oils show stronger antioxidant effects than before oxidation, as
measured by both methods, DPPH and FRAP (Juki¢ & Milo§, 2005). Thus, the lower AC of LG-EQ in
presence of CHL suggests that the latter is preventing essential oil oxidation.

4. Conclusions

Summarizing, neither US nor MF techniques combined with HSH were able to reduce W4/O
emulsion particle size as much as the HSH alone since they cause an over-processing of the emulsions.
This HSH (11,000 rpm, 5 min) followed by HSH (5,600 rpm, 2 min) and magnetic stirring (750 rpm,
24h) allowed stable W,;/O/W, emulsion preparation. PGPR acted more efficiently than Span 80 as
emulsifier of the first interface probably because of the higher hydrophobicity of the polymeric
surfactant. Sodium alginate and NaCl (0.05M) incorporated in the W; of W,/O emulsions were
absolutely necessary to reduce particle size and better stabilize W,/O emulsions. In this regard, the
outer aqueous phase had to contain the same concentrations of sodium alginate and salt as W to
prevent ions migration from one phase to the other causing the disruption of W,/O/W, emulsion.

Furthermore, template W,/O/W, emulsions allowed the successful incorporation of CHL and
LG-EO without suffering destabilization. Both active compounds loaded in the prepared dual systems
not only maintained their AC but showed a synergic behavior. Indeed, LG-EO incorporation increased
the EE, % of CHL, suggesting that the oil was able to slowdown inner water droplets diffusion and in
turn, CHL delayed essential oil oxidation according to AC values, which is of great importance from
the technological and nutritional point of view. Moreover, LG-EO and sodium alginate contributed
positively to reduce particle size and extending the stability of W;/O/W, emulsions over time.

Therefore, this study presents an effective two-step optimized procedure to form stable
W,/O/W, emulsions and evidences their potential capacity as delivery system templates to encapsulate
and carry two or more active compounds with different polarity and diverse functionality.
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CHAPTER VII: Improving the shelf life of low-fat cut cheese using
nanoemulsion-based edible coatings containing essential oil and
mandarin fiber

Artiga-Artigas, M.; Acevedo-Fani, A.; Martin-Belloso, O.

Food Control (2017); 76: 1-12

Abstract

Nanoemulsion-based edible coatings containing oregano essential oil (OR-EO) as antimicrobial were
applied onto low-fat cut cheese to extend its shelf life. Nanoemulsions formulation was 2.0% w/w
sodium alginate, 0.5% w/w mandarin fiber, 2.5% w/w Tween 80 and 1.5%, 2.0% or 2.5% w/w of OR-
EO. Particle size, C-potential, apparent viscosity and whiteness index of nanoemulsions were assessed.
Water vapor resistance of coatings was evaluated as well as their antimicrobial efficiency against
inoculated Staphylococcus aureus and native microbiota growth during refrigerated storage.
Headspace gases were measured as an indicator of bacterial activity and sensory alterations such as
color and texture of cheese pieces were studied. Coatings with at least 2.0% w/w OR-EO decreased
Staphylococcus aureus population from 6.0 to 4.6 log CFU/g after 15 days. Coated-cheese pieces
containing 2.5% w/w OR-EO inhibited psychrophilic bacteria or molds and yeasts growth during 6 or
24 days of storage, respectively. Consequently, the atmosphere into the sealed tracks was stabilized
and the outward appearance of cheese pieces was preserved. Thus, the present work evidences the
feasibility of using mandarin fiber with high nutritional properties and sodium alginate acting as
texturizing agents, to form OR-EO-loaded coatings onto low-fat cut cheese in order to extend its shelf
life.

Keywords: Nanoemulsions; mandarin fiber; cheese; edible coatings; Staphylococcus aureus; molds;
oregano essential oil.
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1. Introduction

Low-fat cheese is characterized by containing low quantities of calories and salt. The shelf life
of this kind of cheeses is limited due to the uncontrolled and extensive fungal and bacterial
development on its surface reducing their quality, especially if they are cut. The need of bacterial
cultures to obtain the suitable form, taste and texture of cheese introduces a potential risk of infection
from cheese-borne species like Staphylococcus aureus, Listeria monocytogenes, Salmonella enterica
and Escherichia coli (Kuorwel, Cran, Sonneveld, Miltz, & Bigger, 2011). In this regard, consumers’
demand for safe and high-quality foods has motivated the scientific community and food industry in
finding new strategies that allow increasing the shelf life of highly perishable foods, but with slight
effect on the organoleptic properties of the product.

Over the past few years, it has been an increasing interest in using natural antimicrobials for
food preservation, due to the general consumer rejection of synthetic additives such as sulfites,
benzoic acid or its derived salts, commonly used to control the microbial growth in foods. Essential
oils (EOs) are secondary metabolites produced by aromatic plants that have shown potent
antimicrobial effect against several pathogenic and spoilage microorganisms. EOs contain a complex
mixture of different constituents (non-volatile and volatile), whose composition is highly variable
(Adorjan & Buchbauer, 2010; Bonilla, Atarés, Vargas, & Chiralt, 2012; Salvia-Trujillo et al., 2014). In
particular, oregano essential oil (OR-EQ) has been previously utilized to control the microbial growth
in foods (Raybaudi-Massilia, Mosqueda-Melgar, & Martin-Belloso, 2006; Tajkarimi, Ibrahim, &
Cliver, 2010). Its active compound carvacrol presents strong antifungal capacity and high inhibitory
effect against Listeria monocytogenes, Salmonella, Escherichia coli and Staphylococcus aureus (Burt,
2004; Rojas-Graill et al., 2009; Tajkarimi et al., 2010). Nonetheless, despite these remarkable
properties, EOs have poor water solubility, intense aroma, high volatility and may be toxic at high
concentrations, which mainly jeopardize their application as natural preservatives (Svoboda et al.,
2006).

The great challenge of incorporating EOs into food matrices could be overcome if they are
incorporated into nanoemulsions. These oil-in-water systems have been described as colloidal
dispersions with an extremely small droplet size (< 200 nm) (Li, Zheng, Xiao, & McClements, 2012),
which can contain lipophilic ingredients in the oil phase (McClements, 2011; Solans et al., 2005).
Nanoemulsions can be directly added to food matrices in liquid state or instead, they can be applied as
edible coatings onto food surfaces (solid state) if a biopolymer is incorporated in the aqueous phase of
nanoemulsions. Moreover, the combination of different biopolymers (for instance, alginate-pectin or
alginate-chitosan), can be used to enhance the physicochemical properties of emulsions (George &
Abraham, 2006). In this regard, this combination could be even more interesting if one of these
biopolymers is also able to provide added-value to the food product, as in the case of dietary fibers
(Gonzalez-Molina, Dominguez-Perles, Moreno, & Garcia-Viguera, 2010). Specifically, mandarin fiber
has been used as functional food additive due to its prebiotic properties (Moreira et al., 2015). It has
been reported that the intake of mandarin fiber significantly reduce the risk of developing coronary
heart disease, stroke, hypertension, diabetes, obesity, and certain gastrointestinal diseases (Grigelmo-
Miguel & Martin-Belloso, 1999; Wang, Sun, Zhou, & Chen, 2012).

Furthermore, mandarin fiber, which contains a high percentage of soluble fiber (mainly
pectin), has been shown to have high water holding capacity and apparent viscosity in combination
with sodium alginate, which may lead to the formation of nanoemulsion-based edible coatings
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(Lundberg, Pan, White, Chau, & Hotchkiss, 2014). Edible coatings are defined as thin layers of
eatable material, which are applied in liquid form on the food surface, usually by immersing the
product in a solution formed by the structural matrix (carbohydrate, protein, lipid or multicomponent
mixture) (Rojas-Grall, et al., 2009). Some of its functions are to protect the product from mechanical
damage and chemical reactions acting as moisture barriers (Miller & Krochta, 1997). Otherwise, if the
coatings contain antimicrobial agents, they are able to protect high perishable food products, such as
low-fat cheese, from the microbial growth extending their shelf life (Raybaudi-Massilia, Mosqueda-
Melgar, & Martin-Belloso, 2008; Rojas-Grau et al., 2007).

In this regard, nanoemulsions containing EOs could be used to form antimicrobial coatings on
the cheese surface, as a way to limit the negative changes that occur during the time. Thus, the aim of
the current work was to assess the antimicrobial effectiveness of hanoemulsions-based edible coatings
containing OR-EO and enriched with mandarin fiber against inoculated Staphylococcus aureus, and
their capability to improve the shelf life of a highly perishable low-fat cut cheese.
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2. Materials and methods

2.1.Materials

Low-fat cheese (CADICOOP light) was kindly donated by CADI® (Lleida, Spain). Oregano
essential oil was supplied by Essential ardbms (Lleida, Spain). Tween 80 was purchased from Panreac
(Barcelona, Spain). Sodium alginate (MANUCOL®DH) was obtained from FMC Biopolymer Ltd
(Scotland, U.K.). Information provided by the manufacturer indicates that viscosity and pH of a
solution 1% is 40-90 mPa-s and 5.0-7.5, respectively. Mandarin fiber containing 231.30 g/kg of
soluble fiber (mainly pectin), 202.38 g/kg of insoluble fiber, 81.25 g/kg of proteins, 7,74 g/kg of lipids,
29.61 g/kg of ashes and 423.76 g/kg of carbohydrates was kindly donated by Indulleida (Lleida,
Spain). Ultrapure water obtained from a Milli-Q filtration system was used to the preparation of all
solutions.

2.2.Methods

2.2.1. Nanoemulsions preparation

Formulation of oil-in-water nanoemulsions contained OR-EO (1.5-2.5% w/w), Tween 80
(2.5% wiw), sodium alginate (2.0% w/w) and mandarin fiber (0.5% w/w).

The aqueous phase was prepared by solving sodium alginate in ultrapure water at 70°C for 3 h.
After reaching room temperature, mandarin fiber was added to alginate solution and mixed using a
laboratory high-shear homogenizer (T25 digital Ultra-Turrax, IKA, Staufen, Germany) at 9,600 rpm
for 3 min. Ultimately, the aqueous phase was filtered in order to remove the fiber in excess. An
accurate amount of the lipid phase consisted of the mixture of OR-EO and Tween 80 at room
temperature was added to the aqueous phase, and blended with the high-shear homogenizer at 11,000
rpm for 2 min, leading to coarse emulsions. Lastly, nanoemulsions were formed passing the respective
coarse emulsion through a microfluidizer (M110P, Microfluidics, Massachusetts, USA) at 150 MPa
for 5 cycles.

2.2.2. Physicochemical characterization of emulsions and nanoemulsions.
2.2.2.1.Droplet size, size distribution and {-potential

The particle size distribution and mean droplet diameter (nm) of emulsions and nanoemulsions
were measured by a Zetasizer Nano-ZS laser diffractometer (Malvern Instruments Ltd,
Worcestershire, UK) working at 633 nm and 25 °C, equipped with a backscatter detector (173°) (L.
Salvia-Trujillo et al., 2015b).

The {-potential (mV), was measured by phase-analysis light scattering (PALS) with a Zetasizer Nano-
ZS laser diffractometer (Malvern Instruments Ltd, Worcestershire, UK). It determines the electrical
charge at the interface of the droplets dispersed in the aqueous phase.

In both types of determinations, samples were prior diluted in ultrapure water using a dilution factor of
1:9 sample-to-solvent.
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2.2.2.2. Apparent viscosity and whiteness index

Viscosity measurements (mPa-s) were performed by using a vibro-viscometer (SV-10, A&D
Company, Tokyo, Japan) vibrating at 30 Hz, with constant amplitude and working at room
temperature. Aliquots of 10 mL of each emulsion and nanoemulsion were used for determinations.

A colorimeter (CR-400, Konica Minolta Sensing Inc., Osaka, Japan) set up for illuminant D65
and 10° observer angle was used to measure the CIE L*, a* and b* parameters of emulsions and
nanoemulsions at room temperature. The device was calibrated with a standard white plate (Y =94.0; x
= 0.3133; y = 0.3194). The whiteness index (WI) was calculated with eq. (1) (\Vargas et al., 2008):

WI= 100-((100-L")%+(a"%+b"%))%* eq.(1)
2.2.3. Cheese coating and sampling

Sealed cheese bars were stored at 4°C before processing. Immediately after opening the cheese
bars, identical cylindrical pieces (diameter: 1.5 cm, height: 2.4 cm) were cut in order to make
reproducible experiments.

Cheese pieces were immersed into the corresponding nanoemulsion for 1 min, and allowed to
dry at room temperature for 5 min. The addition of CaCl,, which acts as cross-linker was not needed
since cheese contains calcium itself. On the other hand, the uncoated pieces were immersed into
ultrapure water following the procedure explained above. Lastly, 50 grams of either coated or
uncoated cut cheese were packed polypropylene (PP) trays (ATS packaging, Barcelona, Spain) of 170
mm length x 25 mm height x 110 mm width, using a tray sealer (Basic V/G, llpra systems, Barcelona,
Spain). Afterwards a cover film made of polyamide and polyethylene (Tecnopack, Girona, Spain) was
used to heat seal the trays. Lastly, sealed trays were stored at 4°C during 15 days.

Separate trays were prepared with cheese pieces inoculated with Staphylococcus aureus to
evaluate the antimicrobial effect of the antimicrobial coating and to assess the changes in quality
attributes along 24 days of refrigerated storage. Two trays of each set were prepared, and two
replicates for each sealed package were performed.

2.2.4. Water Vapor Resistance (WPR) and weight loss

Water vapor resistance (WVR) of cheese pieces was evaluated gravimetrically at 25 °C using a
modified version of ASTM standard method E96-00 (ASTM, 2000). The method and experimental set
up following to determine the water loss of coated cheese pieces was described by Garcia et al. (1998).
Cheese cylinders were placed in small test cups (internal diameter of 2.7 cm and depth of 1.3 cm) and
weighed in an analytical laboratory scale (AT261 Delta Range, Mettler Toledo, Barcelona, Spain).
Initial weights of coated cheese pieces were 8.3 £ 0.12, 8.4 = 0.23 and 8.5 + 0.20g for coatings with
1.5% OR-EO, 2.0% OR-EO and 2.5% OR-EO, respectively and 7.8 = 0.14 g for those uncoated.
Cheese cylinders were placed in sealed chambers that were equilibrated at 33% RH with a saturated
MgCl,-6H.,0 solution (Panreac Quimica SA, Barcelona, Spain) at 25 °C. Cups weights were recorded
at 60 min intervals during 6 h. Weight loss was calculated by difference using equation (2) and plotted
versus time. Data were analyzed by lineal regression to obtain the slope (dy/d,) of the curve in g/s.
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Water activity of the coated and uncoated cheese pieces (0.974 + 0.001 and 0.947 + 0.001,
respectively) was measured twice for each sample with a water activity meter (Acqualab CX-2,
Decagon Devices Inc., Pullman, WA).

WL=W;- Wi €q. (2)

where WL is the weight loss of cheese pieces (in mg); W; and W, are initial and final weights of cheese pieces (in
mg).

Afterwards, WVR of the coatings was calculated using a modified Fick’s first law equation as
described in equations (3), (4) and (5) (Ben-Yehoshua et al., 1985; Kaya & Kaya, 2000; Park &
Chinnan, 1995; Rojas-Grall et al., 2007):

AC = (Pi-P)/(R¢T) eq.(3)
A=7nr((Q2h+r) eq.(4)
WVR = (A-AC)/(dd/d)) eq.(5)

where P; - P, is the difference in water vapor pressure (Pa) inside and outside of the cheese piece (P; = a,, of the
cheese x P, — that is the vapor pressure of liquid water at 25°C and P, = partial water pressure in the
environment with 33.3% RH at 25°C, in Pa x Po); AC is the concentration of gas (g/cm®) inside and outside the
cheese piece at time t; A is the exposed area of cylindrical cheese pieces (5.65 cm?) taking into account that only
one of the bases was in contact with the environment; (dy/d,) is the rate of gas exchange (slope) in g/s; Rc is the
universal gas constant(3.46 L-mmHg/K g) and T is the temperature in degrees Kelvin.

2.2.5. Antimicrobial efficiency of edible coatings

2.2.5.1.Inoculum preparation

A strain of Staphylococcus aureus (CECT 240) (University of Valencia, Spain) was provided
by the culture collection of the Department of Food Technology, University of Lleida, Spain. The
Staphylococcus aureus culture was kept in slant tubes with Tryptone Soy Agar (TSA) (Biokar
Diagnostics, France) at 5 °C. The strain was then inoculated in Tryptone Soy Broth (TSB) (Biokar
Diagnostics, France) and incubated at 35 °C, 200 rpm for 6 h, to obtain cells in stationary growth
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phase. The inoculum concentration was diluted from 10° CFU/mL to 10° CFU/mL for cheese
inoculation.

2.2.5.2. Antimicrobial activity against inoculated Staphylococcus aureus

Cheese pieces (10 g) were inoculated with 50 pL aliquots of the culture and left dry for 20
min. Cheese pieces were coated with hanoemulsions that contained OR-EO, packed in heat sealed PP
trays and stored at 4°C for 15 days. In order to corroborate that no one of the other components of
edible coating had also antimicrobial activity, nanoemulsions containing corn oil instead of OR-EQ in
the same concentrations were prepared and applied onto cheese pieces.

The content of each tray (10 g) was put into a sterile stomacher bag (Strainer bag stomacher®

lab system, Seward, UK) with 90 mL of buffer peptone (Biokar Diagnostics, France). Bags were
homogenized for 1 min in a Stomacher blender (BagMixer®, Interscience, France). Serial dilutions
with saline peptone (Peptic Digest of meat USP, Biokar, Diagnostics, France) were prepared and
spread onto Baird-Parker agar (BP) (Biokar Diagnostics, France). Plates were incubated at 37 °C for
48 h and colonies were counted. Results were expressed as log,o CFU/g.

2.2.6. Quality assessment of coated cheese pieces

2.2.6.1.Microbial stability

Psychrophilic bacteria and molds and yeasts growth in cheese pieces was examined along 24
days under refrigeration. Cheese samples of 10 grams randomly chosen in aseptic conditions were put
into sterile bags with 90 mL of peptone buffer (Biokar Diagnostics, France). Bags were homogenized
for 1 min in a Stomacher blender (BagMixer®, Interscience, France). Serial dilutions with saline
peptone (Peptic Digest of meat USP, Biokar, Diagnostics, France) were prepared, and 100 pL were
spread onto Plate Count Agar (PCA) (Biokar Diagnostics, France) and Cloranfenicol Glucosa Agar
(CGA) (Biokar Diagnostics, France) for psychrophilic bacteria and molds and yeast counts,
respectively. PCA plates were incubated at 4 °C for 15 days, whereas CGA plates were maintained at
room temperature during 5 days. Afterwards, colonies were counted and the results were expressed as
log,o CFU/g.

2.2.6.2.Headspace gas analysis

The composition of the headspace of each tray was analyzed with a gas chromatograph
(Varian 490-CG) equipped with a thermal conductivity detector (Micro-GC CP 2002 gas analyzer,
Chromatography Systems, Middelburg, The Netherlands). A 10 mL sample was automatically
withdrawn from the tray headspace atmosphere and injected in the gas chromatograph. The oxygen
(O,) content expressed in percentage was analyzed with a 10 m packed column (CP-Molsieve 5A,
Varian, Middelburg, The Netherlands) at 60 °C and 100 kPa. For quantification of carbon dioxide
(CO,) expressed in percentage, and ethanol (C,HsOH) concentration reported in ppm, a column
PoraPLOT Q (Varian, Middelburg, The Netherlands) (10 m x 0.32mm, df = 10 mm) held at 70 °C and
200 kPa was used.
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2.2.6.3.Color (W)

The color of coated and uncoated cheese pieces was measured with a colorimeter (CR-400,
Konica Minolta Sensing Inc., Osaka, Japan) set up for illuminant D65 and 10° observer angle and
calibrated with a standard white plate. Measurements were taken at room temperature. CIE L*, a* and
b* values were determined and the Whiteness Index (WI) was calculated through equation (1).

2.2.6.4.Texture profile analysis (TPA)

TPA of cheese pieces was carried out using a texture analyzer (TA-TX2, Stable Micro
Systems, Goldaming, UK) equipped with a 5 kg load cell and the 36R probe, operating with two
compression-decompression cycles and 2 mm-s™ of crosshead speed (Diamantino et al., 2014). The
hardness, cohesiveness, gumminess, elasticity, adhesiveness and chewiness of the cylindrical cheese
pieces were calculated according to Szczeshiak (2002). Eight replicates of each tray were performed at
each sampling time.

2.2.7. Statistics

All the experiments were assayed in duplicate, and at least three replicate analyses were
carried out for each parameter. SigmaPlot 11.0 Systat Software was used to perform the analysis of
variance. Tukey test was chosen to determine significant differences among treatments, at a 5%
significance level.

Correlation analyses were performed with statistical analysis software (JMP Pro 12, Statistical
Discovery™, North Carolina, USA).
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3. Results and discussion

3.1.Particle size and {-potential of nanoemulsions

Microfluidization process caused a droplet disruption leading to nanoemulsions with smaller
droplet sizes than their respective coarse emulsions (particle sizes over 700 nm) (Table 1). In fact, the
smallest size (169 + 23 nm) was obtained in nanoemulsions with 2.0% w/w of OR-EO, whereas those
with OR-EO percentages of 1.5% or 2.5% w/w led to particle sizes of 214 +14 nm or 337 79 nm,
respectively. The obtained results are in accordance with previous research in which the average
droplet diameter of nanoemulsions containing OR-EO and polysaccharides such as pectin or alginate,
were also in the nanorage scale (Guerra-Rosas et al., 2016; Salvia-Trujillo et al., 2014).

Differences in particle size may be related to the observed polydisperse particle distributions in
all nanoemulsions (Figure 1). There was a minor peak in the macro range that indicates the presence of
particles with greater size, which may cause an increase in the mean particle size values. These minor
peaks could be the outcome of an excess or a lack of OR-EO. When the concentration of OR-EQ is too
low, two possible phenomena can occur: the excess of surfactant molecules adsorbed at the interface
of droplets may repel biopolymer chains and/or these biopolymer chains may bind free surfactant
molecules rather than those that are in the surface of oil droplets (Goddard, 2002; Neumann et al.,
2003). On the other hand, an excess of OR-EO droplets might cause the coalescence phenomenon in
which two or more small oil droplets come in contact forming a single bigger droplet (Victoria Klang,
Matsko, Valenta, & Hofer, 2012).

Regarding the electrical charge of oil droplets, all nanoemulsions showed -potential values
lower than -30 mV regardless the concentration of OR-EO used (-35 5 mV, -47 £ 3 mV and -42 + 3
mV for 1.5%, 2.0% and 2.5% w/w of OR-EO, respectively), whereas coarse emulsions had higher -
potential (from -14 to -22 mV) (Table 1). It is known that when {-potentials are below -30 mV, the
electrical charge of droplets is strong enough to assume that repulsive forces between droplets are
predominant in the system, keeping them stable (Béatrice Heurtault, Saulnier, Pech, Proust, & Benoit,
2003). Therefore, nanoemulsions obtained in the current work presented higher stability than coarse
emulsions regardless the concentration of OR-EO.

Despite the fact that a neutral or slightly negative electrical charge was expected at the oil-water
interface, according to the non-ionic low-mass nature of Tween 80 (Hsu & Nacu, 2003), the presence
of the anionic groups of sodium alginate and mandarin fiber molecules dispersed in the aqueous phase
has a strong influence in the {-potential values. When emulsions are exposed to mechanical treatment
such as microfluidization, it might cause the opening of the biopolymer chain by mechanical shear,
releasing free hydroxyl and carboxyl groups from their molecular structures available to bind with
water (Chen et al., 2013). These deprotonated alcohols or carboxylic acids (R-O or R’CO;,
respectively) contributed to increase the negative charge in the interface of the droplets. Therefore, the
higher the biopolymer concentration, the higher was the presence of R-O" or R’CO," and the more
negative {-potential values.
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Figure 1. Particle size distribution (nm) of the nanoemulsions with different concentrations of oregano

essential oil (OR-EO).

3.2.Apparent viscosity and whiteness index (W1)

Apparent viscosity values of nanoemulsions regarding coarse emulsions increased after
microfluidization (Table 1), probably due to the non-Newtonian behavior of the pair mandarin fiber—
alginate (Lundberg et al., 2014). This behavior let biopolymer structures hold additional water after a
shear stress, increasing their gel-forming capacity, which consists of the formation of a gelatinous

mass through water absorption (Dikeman, Murphy, &Jr, 2006; Wang et al., 2015). Regarding the
viscosity values of both coarse emulsions and nanoemulsions, significant differences (P<0.05)
between 1.5% w/w OR-EO emulsions and those with more concentration of OR-EO (2.0 and 2.5%
w/w) were observed. The lower the percentage of OR-EO, the higher the viscosity of emulsions
probably due to aggregation phenomena between biopolymers and surfactant molecules (Neumann et
al., 2003). In this regard, apparent viscosity of emulsions might be strongly influenced by the presence

of alginate and mandarin fiber dispersed in the aqueous phase.

The whiteness indexes (WI) of emulsions significantly decreased (P<0.05) in all cases after
microfluidization process (Table 1). In fact, nanoemulsions have been defined as slightly turbid
systems because small droplets scatter light weakly. Therefore, with the increase of droplet size, the
light scattering is stronger and the WI of emulsions tends to be higher (Acevedo-Fani et al., 2015;

McClements, 2002a).

On the other hand, nanoemulsions with a concentration of OR-EO over 2% w/w scattered the
light significantly (P<0.05) more intensely than those with less concentration of OR-EO, causing an
increase in the WI of the former (McClements, 2011; Salvia-Trujillo et al., 2013). This is because the
emulsion appearance is highly determined by the physicochemical characteristics of oil droplets such

as their size, refractive index or concentration. Specifically, if the concentration of oil droplets rises,
L* value also increased (Table 1) and hence, WI of emulsions become higher (eg.1) (Chantrapornchai,

Clydesdale, & McClements, 1999).
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EO concentration C-average (nm) C-potential (mV) Viscosity WI L*
(wiw) (mPa-s)
CE 1.5% 1851 + 592 17+ 3° 341+ 6° 60.42 + 0.04° 65.6 +0.1°
2.0% 1442 + 529% 14+ 3° 250 + 4° 63.90 + 0.05° 69.09 + 0.09°
2.5% 707 + 242%° -22.51 + 1.48" 237 +3° 71.4+0.3° 75.7+£0.3°
NE 1.5% 214 + 145 34 +5° 366 + 4° 59.49 + 0.16" 62.59 + 0.21°
2.0% 169 + 23™ 47+ 3° 270 + 6° 60.91+0.17° 62.73+0.21°
2.5% 337 £ 797 42 + 4° 265 + 1° 67.80 £ 0.10" 71.17 £0.19°

abcdel\eans in same column with different letters are significantly different at p < 0.05 in terms of comparing OR-EO concentration.
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3.3.Water Vapor Resistance (WVR) and water loss of coated-cheese pieces

As it is shown in Table 2, the highest weight loss was observed in cheese pieces with coatings
containing 1.5% and 2.0% w/w of OR-EO (205.4 £ 0.1 mg and 216.4 + 0.2 mg, respectively) without
significant differences (P<0.05). However, the uncoated cheese presented the lowest weight loss value
(156.5 + 0.1 mg). The fact that the presence of a coating increased the weight loss of cut cheese can be
explained by the higher water activity (a,) of coated cheese pieces, compared with those uncoated
(0.974 versus 0.947, respectively). In the coated product, the concentration of water on the matrix
surface is higher, so it is easily captured by saturated MgCl,-6H,O solution situated in a sealed
chamber, causing a greater loss of water from the coating. Regarding the different coatings, those with
the highest content of EO resulted more effective as barriers showing a weight loss of 195.3 £ 0.2 mg,
which is lower than in the case of using coatings with less concentration of OR-EO.

Coated cheese pieces exhibited greater values of WVR, compared to those uncoated (Table 2).
Moreover, as the concentration of OR-EO in nanoemulsions increased, the WVR of coatings was
higher. Although, polysaccharide-base coatings exhibit limited water vapor barrier ability owing to
their hydrophilic and hygroscopic nature (Gennadios et al., 1997), OR-EO-based coatings, reducing
water loss and avoiding cheese dehydration. On the other hand, there was a solid correlation (r = 0.73)
between the water loss of coated product and calculated WVR values of nanoemulsion-based coatings.
It suggested that those edible coatings that presented a higher WVR, experimented a lower water loss.

Table 2. Initial and final weights (g) of cheese pieces, weight loss (%) of coated and uncoated cheese pieces
and water vapour resistance (WVR) expressed in s/cm of edible coatings based on oregano essential oil
(OR-EO) from nanoemulsions (NE) applied onto cylindrical cut cheese pieces. Data shown are the means
* standard deviation.

OR-EO Initial weight (g) Final weight Weight WVR (s/cm)
concentration (9 loss (%0)
(wiw)
NE 1.5% 8.26 +0.12° 8.06 + 0.12° 2.49° 8.40 + 0.13°
2.0% 8.44 +0.23® 8.22 + 0.24% 2.56° 8.40 + 0.24°
2.5% 8.50 + 0.20° 8.30+0.18° 2.30° 10.08 +0.19°
Uncoated 7.80 £ 0.14° 7.65+0.13° 2.00¢ 12.06 +0.14°¢

b Means in same column with different letters are significantly different at p < 0.05.

3.4.Antimicrobial efficiency of edible coatings against inoculated Staphylococcus

aureus

The effectiveness of the antimicrobial edible coatings in inhibiting Staphylococcus aureus
growth inoculated on low-fat cut cheese during refrigerated storage is shown in Figure 2. Initial
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microbial load (10° CFU/g) inoculated on the surface of cylindrical cheese pieces decreased 0.9 + 0.1
log CFU/g on average, just after applying the different coatings or after their submersion in ultrapure
water (uncoated cheese pieces). The antimicrobial effectiveness of coatings with 1.5%, 2.0% or 2.5%
w/w of OR-EO applied on the surface of cylindrical cheese pieces was compared with the formulations
loaded with corn oil at the same concentrations confirming the lack of antimicrobial activity of
coatings in absence of OR-EO (Fig.2).

The concentration of OR-EO used in the formulation of edible coatings had a significant effect
on their bactericidal activity against inoculated Staphylococcus aureus over time. The microbial
population decreased 1.4 and 1.5 log CFU/qg in coated cheese pieces containing 2.0 % or 2.5% w/w of
OR-EO, respectively, during 15 days of refrigerated storage. However, coatings with an OR-EO
concentration of 1.5% w/w were not effective in reducing Staphylococcus aureus population.

6.5
—+—1.5% 4 OR-EO
| —u—2.0% w/w OR-EO
6 4 2.5% w/w OR-EO
1 —<—Uncoated
~*--1.5%54p com oil
55 -3~ 2.0% w/w com oil
%ﬂ —+—-2 5% w/w com oil
S
o0 5
=
-
4.5
|
\
4

Time (days)

Figure 2. Effect of the edible coatings from nanoemulsions containing different concentrations of oregano
essential oil (OR-EQ) against Staphylococcus aureus (log CFU/g) inoculated onto cheese pieces. Data
shown are the means + standard deviation.

OR-EO can alter the fatty acid composition of cytoplasmic membranes of pathogenic and
spoilage microorganisms (Pasqua, Hoskins, Betts, & Mauriello, 2006). Specifically, carvacrol, the
major active compound from OR-EO, is able to modify the cell membrane of Gram-positive bacterial
species such as Staphylococcus aureus (La Storia et al., 2011). Nevertheless, the antimicrobial activity
of coatings against this pathogen was found to be dependent on the concentration of carvacrol
contained in them (Kuorwel et al., 2011). Therefore, neither in coated-cheese pieces with an OR-EO
concentration of 1.5% w/w nor in uncoated cheese pieces or in those with the coating based on corn
oil, was possible to inactivate or inhibit the growth of Staphylococcus aureus.
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3.5.Microbial growth and quality changes along storage.

3.5.1. Psychrophilic bacteria, molds and yeast

Figure 3 shows the growth of psychrophilic bacteria (A) and molds and yeast (B) in uncoated
and coated cheese pieces during refrigerated storage. The results revealed that coatings with a
concentration of OR-EO higher than 2.0% w/w clearly had an antimicrobial effect. However, a
concentration of 1.5% w/w of OR-EO was not enough to inhibit the development of neither
psychrophilic bacteria nor molds and yeast in cheese pieces.

Indeed, the most effective microbial inhibition of psychrophilic bacteria was obtained for
cheese pieces coated by the nanoemulsion with the highest percentage of OR-EO (2.5% w/w). In this
case, the growth began after the 6" day of storage and reached the equilibrium with values lower than
6.7 log CFU/g at the 13" day (Fig.3A). Although coatings with 2.0% w/w resulted effective in slowing
down the psychrophilic bacteria growth, it was not enough to stop it. The microbial growth in the
cheese pieces with a 2.0% w/w of OR-EO was lower than in those coated containing 1.5% w/w of OR-
EO, reaching the maximum microbial population at the 17" day with a 7.3 log CFU/g. On the other
hand, microbial counts of psychrophilic bacteria in uncoated cheese pieces and in those coated with
1.5% OR-EO increased until 8.3 log CFU/g from the first day to the 17™ day of storage before
reaching the equilibrium (Fig.3A).

Regarding molds and yeast (Fig. 3B), the growth started after the 13™ day in uncoated
cheese pieces and in those coated with the lowest percentage of OR-EO (1.5% w/w). However, the
fungi growth for uncoated pieces was greater than for those coated. In the case of coatings prepared
with a 2.0% w/w of OR-EO, the growth began after 17 days of storage. Lastly, cheese pieces coated
with 2.5% w/w of OR-EO did not show molds and yeast growth at least during 24 days of experiment.
Lipids like EOs have many biological functions in microbial cells (La Storia et al., 2011), however,
their effectiveness not only depend on the concentration but also on the active compound (Moore-
Neibel et al., 2013). According to the results, both psychrophilic bacteria and molds and yeast were
especially sensitive to carvacrol (main component of OR-EO) (Microbiology & Andrews, 2001). In
this regard, OR-EO coatings may require less concentration of essential oil to extend the
microbiological shelf life of low-fat cheese pieces (2.0% w/w) than in the case of using other type of
EOs (Kavas & Kavas, 2014).
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Figure 3. Effect of the nanoemulsion-based edible coatings containing oregano essential oil (OR-EO) on
the microbial growth (log CFU/g) of psychrophilic bacteria (A) and molds and yeasts (B) in cheese pieces.
Data shown are the means + standard deviation.

3.5.2. Headspace gas composition

As it can be appreciated in Figure 4A, coatings based on nanoemulsions with OR-EO caused a
decrease of O, consumption compared with the uncoated pieces from the 3™ day, probably as a result
of the control of the microbial growth (Raybaudi-Massilia et al.,, 2008). On the contrary, the
production of CO, increased gradually until reaching the equilibrium because of the gas produced by
cheese itself (Acerbi, Guillard, Guillaume, Saubanere, & Gontard, 2016). Nonetheless, significant
variations (P<0.05) were observed during the first 13 days regarding the concentration of OR-EO
(Fig.4B). Although it was supposed that coatings with a higher percentage of EO ought to have a
higher resistance to gas diffusion due to their lipophilic nature (Salvia-Trujillo et al., 2015b), the
presence of some carbohydrates such as alginate and mandarin fiber contributes to increase gas
permeability (Rojas-Gral et al., 2007). This is related to the capability of alginate or mandarin fiber
chains of holding water in their structures, which together with the fact that EO concentration was low,
could cause a decrease in the ability of coatings to act as barriers to the transport of humidity, gases,
and aroma compounds (Espitia, Du, Avena-Bustillos, Soares, & McHugh, 2014; Miller & Krochta,
1997).

Regarding ethanol production, there were not significant differences (P>0.05) between cut
cheese coated by nanoemulsions containing 1.5% w/w OR-EO and uncoated pieces (Fig.4C). The
same occurred for 2.0% and 2.5% w/w OR-EO coatings between them probably because both resulted
effective in the control of microbial growth. Moreover, despite the fact that cheese produces CO, and
ethanol during propionic and acid fermentation due to the action of lactic bacteria (Acerbi et al., 2016;
Frohlich-Wyder et al., 2013), it was possible to observe a fast decrease of ethanol concentration during
the first three days of storage before reaching the equilibrium, because the alcohol may react with
different derivatives of primary or secondary biochemical processes that occur during cheese shelf life
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(Mei, Guo, Wu, Li, & Yu, 2015). In this regard, lipolysis reactions lead to several free fatty acids
whose esters are able to react with ethanol. In addition, the reaction between some acids such as acetic
or lactic acid with ethanol molecule produces the corresponding acetates resulting in the chemical
equilibrium of equation (6):

RCO,H + CH;CH,OH « RCO,CH,CHj, GQ(G)

Therefore, ethanol acts as a reaction intermediate, so its production and consumption are in
equilibrium and thus, it is likely that an increase of ethanol could not be detected by gas
chromatography.
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Figure 4. (A) Oxygen (O,), (B) Carbon dioxide (CO,) and (C) Ethanol (EtOH) headspace gas
concentration of sealed trays containing uncoated or coated cheese samples during storage at 4°C. Data
shown are the means + standard deviation.

3.5.3. Color (WI)

As has been discussed before, the optical properties of nanoemulsions depended on OR-EO
concentration, thus when they are applied as edible coatings the color of the coated cheese pieces
could be altered. Uncoated cheese pieces exhibited the highest WI value (76.32 £ 0.98) and there were
no significant differences during the time (Fig.5A). Regarding coated cut cheese, a concentration of
over 2.0% w/w OR-EQ did not affect the WI values during storage time. However, when coatings with
less OR-EO concentration (1.5% w/w) were used, the color of the cheese pieces increased
progressively until the 13" day, probably because a lack of oil droplets might cause biopolymer or
surfactant aggregation leading to more instable coatings (Neumann et al., 2003).

According to experimental data, the W1 was influenced by the rise of the b* coordinate value,
which indicates the increase of yellow color (Fig.5B). The higher the b* value, the more yellow the
cheese pieces and therefore, the lower the WI (eq.1). The increase of the b* parameter can be
explained by the orange color of mandarin fiber that was incorporated to nanoemulsions. Even though
coated pieces seemed to be more yellow than uncoated, they were able to maintain the brightness and
the external properties of cheese during the time. In fact, the preservation of the outward appearance of
coated cheese pieces is very important in terms of being unnoticed for consumers (Stintzing & Carle,
2004).
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Figure 5. (A) Color changes in terms of whiteness index (W1) values of coated and uncoated cheese pieces
during storage. (B) Changes in b* parameter values of coated and uncoated cheese pieces during storage.
Data shown are the means + standard deviation.

3.5.4. Cheese Texture Profile Analysis (TPA)

Coated cheese pieces showed similar values of hardness, cohesiveness, gumminess and
elasticity regardless the EO percentage incorporated in nanoemulsions, whereas these parameters were
higher in uncoated cut cheese (Fig.6). The highest values of adhesiveness were observed in the
uncoated product, and it remains constant during the time (Fig.6D). In the case of coated pieces,
adhesiveness values gradually decreased during 24 days.

Cheese hardness usually increases over time as a result of water loss and proteolysis (Bourne,
2002). Hence, the product may require a major force in the process of chewing due to a lack of
elasticity (Segnini, Dejmek, & Oste, 1999). In the current work, the percentage of high water-content
edible coatings allowed maintaining, not only the elasticity of coated cheese pieces but also cheese
pieces’ softness (Fig. 6C, 6A, respectively).

Szczesniak (2002) pointed out that gumminess and chewiness (defined as the energy required
to masticate a solid food) are mutually exclusive (Bourne, 2002) so, as elasticity remained constant
over time, the two properties must vary proportionally. Nevertheless, although coatings did not exert
any effect on chewiness, which was maintained constant during the time (data not shown), the
gumminess of the uncoated cheese pieces started to increase from the 7™ day of storage (Fig.6E).
Probably because gumminess, understood as the energy required to disintegrate a semisolid food to a
state of readiness for swallowing, is dependent on hardness; hence, if the latter increases, the former
does (Bourne, 2002).

On the other hand, the cohesiveness of cheese pieces, defined as the limit point to which the
material can deform itself before breaking, did not vary over time regardless the concentration of OR-
EO (Fig.6B). Nevertheless, uncoated pieces showed higher cohesiveness values, which decreases
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during the time; hence, coated cheese may break easily. The cheese becomes a cohesive material along
the time because the particles are closer after the product dehydration (Szczesniak, 2002). However,
the edible coatings helped to preserve the water into the food matrix maintaining the cohesiveness,
whereby the disintegration of the product is less probable.
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Figure 6. Texture Profile Analysis of coated and uncoated cheese pieces. (A) Hardness (N); (B)
Cohesiveness (N-s/N-s); (C) Elasticity (s); (D)Adhesiveness (g-s) and (E) Gumminess (N). Data shown are
the means + standard deviation.

Lastly, adhesiveness, which is the work necessary to overcome the attractive forces between
the surface of the food and the surface of the other materials in contact (Szczesniak, 2002), did not
correlate with the other properties studied by TPA (Segnini et al., 1999). In fact, coated cheese pieces
experienced a loss of adhesion, whereas this property remained constant over time in the uncoated
product (Fig.6D). Therefore, coated cheese pieces might be less sticky during the days than those
uncoated.
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4. Conclusions

The combination of mandarin fiber with prebiotic properties, and sodium alginate let the
formation of stable OR-EO-loaded nanoemulsions able to act as edible coatings onto cheese pieces.
Thus, the incorporation of fiber to the coatings may become in an interesting alternative for increasing
the nutritional value of coated cheese pieces. In addition, edible coatings with at least 2.0% w/w of
OR-EO improved the microbial stability of the cheese pieces, resulted effective in the decontamination
of external pathogens such as Staphylococcus aureus and preserved cheese outward appearance during
the time. As a consequence, the incorporation of hanoemulsions-based edible coatings containing OR-
EO onto low-fat cut cheese extended the shelf life of this product. These results evidence the potential
advantages of using OR-EO as natural antimicrobial within edible coatings acting as preservatives and
enhancing the safety, quality and nutritional properties of high perishable low-fat cut cheese.
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General Discussion

In this Doctoral Thesis, oil-in-water nanoemulsions and double emulsions have been designed,
prepared and characterized to be used as delivery systems of lipophilic and/or hydrophilic bioactive
compounds, respectively. The resulting emulsion-based nanostructures were able to efficiently
encapsulate, transport and release plant-derived bioactive compounds including antimicrobials (i.e.
essential oils) and bioactive compounds (e.g. curcumin and chlorophyllin). Moreover, the prepared
essential oil-in-water nanoemulsions were applied as edible coatings onto food matrices in order to
extend the shelf-life of a highly perishable low-fat cut cheese.

SECTION I: Designing nanoemulsions as carriers of lipophilic plant-
derived bioactive compounds.

Effect of formulation in the physicochemical properties of nanoemulsions

Nanoemulsions are thermodynamic unstable systems so that the selection of the appropriated
formulation is a crucial step to obtain stable systems over time. In this regard, the type and
concentration of each component: (i) surfactant, (ii) oil and (iii) stabilizing agents such as biopolymers
or polymeric complexes may influence the final properties of nanoemulsions. Moreover, the ratio
between the concentrations of each component in the formulation has to be taken into account since
the lack or the excess of any of them could provoke the destabilization of the nanostructures.

Hence, the starting point of this work (chapter 1) consisted of using a surface-response
experimental design, specifically a D-optimal, to study the influence of four types of essential oils
(EOs) (oregano, thyme, lemongrass or mandarin), Tween 80 and pectin concentrations on the oil
droplet diameter (nm), {-potential (mV), apparent viscosity (mPa-s) and color of emulsions. Pseudo-
ternary phase experimental designs built during this experiment provided significant information about
the behavior of the individual components on the formation of nanoemulsions through
microfluidization.

The models built showed that the EOs concentration did not dominate the particle size of
nanoemulsion, being rather the Tween 80 and pectin concentrations the determining factors. Actually,
a minimum concentration of Tween 80 (1.8% w/w) was required for the preparation of nanoemulsions
(d < 500 nm), whose oil droplet diameters decreased as the concentration of surfactant increased
regardless the type of EO. Additionally, pseudo-ternary phase diagrams revealed the role of pectin as
an emulsifier since in absence of Tween 80, biopolymer concentrations over 1% w/w led to submicron
nanoparticles (350-850 nm) being this emulsification even more effective depending on the EO used.
Indeed, an increase of pectin concentration in the aqueous phase caused the enlargement in particle
size of nanoemulsions containing oregano, thyme or mandarin EOs (OR-EO, TH-EO or MN-EO,
respectively), whereas the opposite behavior was observed in the case of emulsions containing
lemongrass essential oil (LG-EO). This suggested that pectin contributed positively to the
emulsification of LG-EO-loaded nanoemulsions. Other authors have also observed a certain surface
activity of pectin at oil-water interfaces since it contains functional units including acetyl and methyl
groups, which are able to act as hydrophobic anchors that facilitate adsorption of biopolymer chains at
the interface resulting in the reduction of interfacial tension (Alba & Kontogiorgos, 2017).

Despite the fact that EO and Tween 80 poorly influenced nanoemulsions apparent viscosity,
specifically in the case of LG-EO loaded nanomeulsions, a slight decrease of viscosity was observed
when the concentration of surfactant increased. This may be related to a reduction in nanoemulsions
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particle size. In fact, droplet size has been reported to impact the rheology of emulsions and depends
on the properties of the dispersed phase (Pal, 2000). In this regard, MN-EO nanoemulsions present
lower overall viscosity values in comparison with the rest of the EOs since they also had the smallest
droplet sizes. Nonetheless, our results suggested that nanoemulsion viscosity was mainly determined
by pectin concentration. Actually, at increasing the weight fraction of pectin in the aqueous phase up
to 2% w/w for a given concentration of Tween 80 (6% w/w) the apparent viscosity remarkably
increased regardless the type and concentration of EO. Guerra-Rosas, Morales-Castro, Ochoa-
Martinez, Salvia-Trujillo, & Martin-Belloso (2016) also observed that the higher the concentration of
pectin, the higher its viscosity. This is related to the thickening properties of pectin due to its ability to
holding high quantities of water. Therefore, free pectin molecules in the aqueous phase are able to
form gel-like structures, thus increasing the viscosity of the aqueous media (Hansen, Arnebrant, &
Bergstrom, 2001).

Furthermore, contour plots of OR-EO and LG-EO showed that an increase of the pectin
concentration from 1% to 2% w/w caused the decrease of {-potential values becoming more negative
from -10 to -15 mV or from -9 to -15 mV, respectively. Pectin is a linear polysaccharide consisting of
covalently linked galacturonic acid (GalA) units with methylester groups along the backbone. The
ionization of the carboxylic groups of the methyesters contributes to the negative charge of pectin
(Lin, Lopez-Sanchez, & Gidley, 2016). Although Tween 80 is a non-ionic small molecule surfactant,
which rapidly adsorbs at the oil/water interface stabilizing the newly created oil droplets, Jafari, He, &
Bhandari (2007) reported that pectin chains present in the bulk aqueous phase can compete with
Tween 80 molecules. This may cause the displacement of the previously-adsorbed surface active
species and it would be the biopolymer that dominates the interfacial charge. Nevertheless, in the
contour plots of TH-EO and MN-EO, {-potential values remained practically unaltered after increasing
the concentration of pectin, ranging from -12 to -15 mV and from -10 to -11 mV, respectively. Thus,
there was a preferential adsorption of Tween 80 at the oil droplet surface. It is known that, in the
absence of any anionic biopolymer, non-ionic surfactants such as Tween 80 may confer negative
charge to oil droplets probably due to the orientation towards the oil/water interface of OH" ions from
the aqueous phase or HCO3 and CO5* ions from the dissolved atmospheric CO, (Marinova et al.,
1996). These results suggested that pectin adsorption at the oil/water interface depends on the type of
EO.

Tween 80 and EOs concentration significantly affected the color of nanoemulsions. Indeed,
high Tween 80 or low EO concentrations led to transparent nanoemulsions regardless the type of oil.
Light scattering of oil droplets depends fundamentally on the refractive index of continuous (water)
and dispersed phase (oil), oil concentration and droplet size (McClements, 2002; McClements & Rao,
2011). Hence, OR-EO nanoemulsions, with the highest refractive index, were those less transparent. It
is known that larger particles scatter the light more intensively causing an increase in the lightness,
opacity and whiteness index of emulsions. Therefore, MN-EO nanoemulsions, which presented the
smallest particle sizes (29-260 nm) also, exhibited the lowest whiteness index.
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Effect of type and concentration of surfactant on the physicochemical properties of
nanoemulsions

Emulsifiers play a relevant role in the formation and stabilization of nanostructures. Typically,
small and high molecular surfactants have been used as emulsifiers for the stabilization of
nanoemulsions. These molecules, which locate themselves around the internal droplets, are able to
interact with all the components present in the nanoemulsions, even with the encapsulated bioactive
compound through H-bond formation. Therefore, the selection of the surfactant may be related on the
one hand, to the characteristics of the nanostructured system and on the other hand, to the nature of the
bioactive compound that is going to be encapsulated. In this regard, the influence of three surfactants
(lecithin, Tween 20 and sucrose monopalmitate) on the formation and stabilization of curcumin-loaded
nanoemulsions was assessed during the second chapter of this nanoemulsions design, preparation and
characterization study. The particle size of curcumin-loaded nanoemulsions was lower than 400 nm
regardless the type of surfactant and decreased with an increase of Tween 20 or lecithin concentration.
Oppositely, the particle size of nanoemulsions containing sucrose monopalmitate were highly
polydisperse (Pdl = 0.5) probable due to this surfactant contains diesters as well as monoesters and
other type of fatty acids in its composition that may influence the emulsification process (Rao &
Mcclements, 2011). This is in agreement with literature since low-mass surfactants such as
polysorbates (Tween 20) and lecithins are known to rapidly coat the surface of the created oil-water
interface during emulsification (Salvia-Trujillo, Rojas-Grall, Soliva-Fortuny, & Martin-Belloso, 2014).
Also, phosphate groups from lecithin provided negative charge favoring electrostatic interactions
needed to avoid coalescence, which is reflected in the low polydispersity index (Pdl) of
nanoemulsions stabilized by this surfactant (Zhang et al., 2012).

Overall, there has to be enough surfactant molecules to completely cover the oil droplets
surface. The lack or excess of surfactant may lead to respectively, droplets coalescence or aggregates
formation between the surfactant chains themselves or with alginate molecules present in the bulk
phase (Artiga-Artigas, Acevedo-Fani, & Martin-Belloso, 2017).

All the nanoemulsions presented (-potential values bellow -30 mV since they contained
sodium alginate in their formulation. The presence of sodium alginate, with carboxylate (CO,") and
hydroxyl (OH") groups played a relevant role in the electrostatic stabilization of nanoemulsions.
Differences in {-potential values between the surfactants are related to their nature. For instance,
lecithin and sucrose monopalmitate contributed to decrease the electrical charge since they contain
negative functional groups in their structure, whereas in Tween 20-stabilized nanoemulsions the
electrical charge was dominated by the biopolymer.

Also the whiteness index was influenced by the type of surfactant used since the smaller the
nanoemulsions particle size, the lower their whiteness index (Salvia-Trujillo et al., 2014). This
reduction in particle size is also related to an increase of nanoemulsions apparent viscosity, which
restricted droplets mobility preventing coalescence. Nanoemulsions containing sucrose monopalmitate
as surfactant destabilized almost instantaneously, whereas those with concentrations of lecithin over
1% w/w remained stable during at least 3 months. Moreover, lecithin-stabilized nanoemulsions were
able to efficiently entrap curcumin within them, preventing its autoxidation and hence, maintaining the
antioxidant capacity of the bioactive compound. Oppositely, although either Tween 20 or sucrose
monopalmitate allowed obtaining nanoemulsions with high encapsulation efficiencies (EE), it does not
mean that curcumin was encapsulated but retained in the surfactant structure by H-bonding after
nanoemulsions destabilization. In this case, curcumin was exposed to light and oxidation reactions
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leading to its degradation and loss of antioxidant capacity.

Moreover, it is reported that high oil concentrations contribute to decrease the rate of lipid
oxidation (Osborn & Akoh, 2004). Therefore, an increase in droplet concentration may improve the
shelf-life of chemically labile products such as curcumin. Highly concentrated emulsions are presented
in chapter 111 as an alternative to encapsulate higher quantities of bioactive compounds. These systems
contain at least 40% wi/w oil and are able to modify the textural, optical, stability and release
characteristics to the desired final commercial products, as well as reduce storage and transportation
costs (Luo et al., 2017). However, several factors can affect the physicochemical properties of
concentrated systems. For these reasons, the effect of high-shear homogenization (HSH) procedure (ie.
ultrasonication or microfluidization), the oil volume fraction (¢: 0.4-0.7) and the hydrophilic
surfactant-oil-ratio (SOR: 0.01-0.2) on highly concentrated emulsions formation were evaluated.

Either ultrasonication (200 s, 100 um) or microfluidization (2 cycles, 800 bar) led to highly
concentrated submicron emulsions (¢ = 0.4) with particle sizes lower than 500 nm when the SOR was
0.1. The increase of the ¢, contributed to reduce the particle size of coarse emulsions, as well as to
increase their apparent viscosity (Sanatkaran, Masalova, & Malkin, 2014). This triggered that HSH
procedures caused the destabilization of the resulting emulsions when ¢ was higher than 0.5. The
particle size of all the studied highly concentrated emulsions decreased as the SOR increased from
0.01 to 0.2. However, a SOR of 0.2 provoked a prompt increase of submicron emulsions apparent
viscosity, especially after microfluidization, which has to be taken into account depending on the
desired final applications. Moreover, the emulsion-based systems prepared during the present study
showed a high capability for curcumin encapsulation (> 70%) and slow release of this bioactive
pigment according to their low kinetic constants (= 0.0031 h™). This indicates the feasibility of these
systems to be used as carriers of curcumin during a certain period of time preventing its degradation.

Effect of biopolymer incorporation procedure on the physicochemical properties of
naneomulsions

The incorporation of biopolymers such as proteins and polysaccharides to emulsion-based
systems is currently gaining attention. These natural macromolecules have been widely used as
texturizing agents; however, they have also shown emulsifying capacity. Nonetheless, their structure
might be altered after homogenization processes changing their disposition around droplets and
modifying the final physicochemical characteristics of nanoemulsions. Therefore, the effect of sodium
alginate incorporation procedure on the physicochemical properties of nanoemulsions formed by
microfluidization was assessed along chapter IV of this study. Nanoemulsion in which sodium alginate
solution was microfluidized at the same time that the rest of components, showed the smallest particle
sizes. Microfluidization had an influence on particle sizes promoting changes in the sodium alginate
molecular structure, which allow obtaining more homogeneous droplets distribution and smaller
particle sizes. Consequently, the highest particle sizes were observed for those nanoemulsions in
which alginate did not pass through the microfluidizer.

Certainly, in transmission electron microscopical images of nanoemulsions, it was observed
that the presence of aggregates was higher when alginate molecules were not subjected to high shear
stress. Non-microfluidized alginate molecules maintained their original structure without suffering
depolymerization. According to our results, non-depolymerizer chains placed at droplets interface
experimented a steric impediment among them greater than those partially depolymerized leading to
big and non-spherical particles.
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On the other hand, the observed electrical charge was negative in all the emulsions and nanoemulsions
suggesting that Tween 20 is preferably adsorbed on the oil surface in the co-presence of polymeric
stabilizers, such as sodium alginate molecules. These molecules provided negative charge to oil-water
interfaces when dispersed in the aqueous phase due to the presence of OH™ and CO3 groups in their
structures (Nambam & Philip, 2012). Moreover, the mechanical stress during microfluidization caused
a partial breaking of alginate molecule in agreement with *H-magnetic resonance and infrared spectra.
This occurred probably as a result of the chemical reaction between the polymers and high energy
molecules such as hydroxyl radicals produced from cavitation (Feng, Cao, Xu, Wang, & Zhang,
2017). This partial breaking may provoke the change of biopolymer chains disposition around the oil
droplets and the increase of the concentration of deprotonated groups. Microfluidization also caused a
decrease in nanoemulsions apparent viscosity, which fit with a decrease in the molar mass of sodium
alginate due to a depolymerization of chains caused by covalent bond disruption. The increase of
hydroxyls groups observed in alginates infrared spectrum may be due to the breaking of O-glycosidic
bonds (depolymerization) or an opening of the alginate structure caused by mechanical forces into the
microfluidizer, which increase the ability of sodium alginate for holding water (Chen, Gao, Yang, &
Gao, 2013; Mohammad, Hosseini, Emam-djomeh, Hadi, & Meeren, 2013). Nonetheless, in spite of
microfluidization may accelerate the collisions between the solvent molecules and sodium alginate
molecules causing biopolymer degradation, depolymerized alginate chains were able to rearrange
(Chemat & Khan, 2011). In the case of nanoemulsion infrared spectrum, the observed behavior was
the opposite because inside these systems mechanical forces can attack the structure of microfluidized
molecules, which were not able to restructure (Laneuville, Turgeon, & Paquin, 2013). The application
of these forces may result in some reactions such as sodium alginate conjugation or oxidation (Feng et
al., 2017). In this regard, high shear stress caused by microfluidization process could cause the
oxidation of hydroxyl groups to carboxylic acids easily deprotonated in aqueous media, able to
increase the carboxylate band of nanoemulsion spectrum. This fitted with the initial hypothesis that
sodium alginate molecule is able to react with high energy molecules such as hydroxyl radicals (-OH")
produced from cavitation forces into the microfluidizer, which may cause the biopolymer partial
breaking. This entailed the increase in the amount of exchangeable protons from carboxylic acids or
hydroxyl groups (Feng et al., 2017).

As a result, those exchangeable protons, which were not observable by "H-RMN due to the use
of deuterium dioxide as solvent; led to the decrease in the number of relative protons in microfluidized
alginate and nanoemulsion spectra. Thus, results from both spectroscopic techniques indicated that,
after microfluidization, sodium alginate might break and change its conformation influencing the
properties of the resultant nanoemulsions. Concerning the results, it could be expected the breaking of
sodium alginate in smaller oligomers through ultra-hydrogel permeation chromatography (GPC). In
this regard, although sodium alginate molecule partially breaks, the re-aggregates formed after
microfluidization process may have similar molecular weights than the initial chain. Those changes
might be explained by a partial hydrolysis of alginate molecule that causes higher affinity for water,
higher porosity and hence, changes in its molecular weight, which might produce a variation in the
disposition of alginate chains around the oil droplets.
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Effect of using protein-polysaccharide complexes on preventing Ostwald ripening in
nanoemulsions

The understanding of interfacial biopolymers disposition is of great relevance in order to
obtain stable emulsion-based nanostructured systems. It is believed that thicker interfaces may
contribute to better stabilize molecules prone to easily suffer destabilization phenomena due to Oswald
ripening effect such as short chain fatty acids (eg. alkanes, EOs). According to their structure, short-
chain fatty acids are slightly water-soluble oils favoring their migration to the continuous phase
(Suriyarak & Weiss, 2014). In this regard, biopolymer complexes are presented in chapter V as a
potential alternative to build stronger and thicker interfaces that protect droplets against coalescence,
flocculation or Ostwald ripening. For this purpose, differences between interfacially structured decane-
in-water nanoemulsion single (protein or polysaccharide) or complex-stabilized were studied.
Complexes containing whey protein isolate (WPI) and sugar beet pectin (SBP) in a ratio 1-1 (protein-
pectin) were prepared at pH 3.5 in order to be used as decane-in-water nanoemulsions stabilizers.
Decane was used as a model to predict the behavior of EOs against Ostwald ripening since it has
resulted better in preventing the phenomenon than other alkanes (Zeeb, Gibis, Fischer, & Weiss,
2012).

Both single biopolymers and the complex led to nanoemulsions formation, therefore, all the
droplets were below the detection limit of the optical microscope. In spite of the droplet growth
observed during storage time, especially in the case of nanoemulsions stabilized by WPI or SBP alone,
dispersed oil droplets remained undetectable by optical microscopy until 10 days of storage. However,
nanoemulsions stabilized by either WPI or SBP presented prominent destabilization after 21 days of
storage, whereas WPI:SBP complex-stabilized was barely starting to aggregate. Complex-stabilized
nanoemulsions repulsion forces were higher than those produced at single-stabilized nanoemulsions
interface preventing particles from coming together retarding flocculation and the subsequent phase
separation.

Likewise, although complexes could not completely avoid Ostwald ripening, they resulted
more effective in retarding it. According to our results, Dickinson (2009) reported that despite the fact
that protein-polysaccharide complexes present high surface activity, they mostly behave like a soft
polymer, which resembles the protein structures and thus cannot completely avoid the ripening process
(Ghosh & Bandyopadhyay, 2012). WPI and SBP could desorb from droplets interface through
depletion-flocculation mechanism, favouring coalescence phenomenon. For this reason, single-
stabilized nanoemulsions exhibited a fast droplet growth.

With regards to the complex-stabilized nanoemulsions, the negative charge of droplets
stabilized by protein-pectin complexes indicated that protein moieties of the complex may be
primarily adsorbed at the o/w interface while pectin moieties might be potentially located at the outer
region of the o/w interface. Certainly, the proposed mechanism for complex formation is that the
protein nuclei might have increased their hydrophobic properties and therefore grows into larger
particles, whereas pectin molecules were simultaneously incorporated (Turgeon, Schmitt, & Sanchez,
2007; Weinbreck, Rollema, Tromp, & De Kruif, 2004; Zeeb, Mi-Yeon, Gibis, & Weiss, 2018).
Therefore, the monolayer coverage formed by the protein avoids droplets diffusion and electrostatic
and steric repulsion forces from SBP chains may provide the negative surface charge. This was also
confirmed by interfacial rheology measurements since just SBP exhibited an elastic interface, whereas
the complexes and WPI showed a similar interaction with the decane.
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SECTION I1I: Designing double emulsions as carriers of hydrophilic plant-
derived bioactive compounds.

Effect of processing parameters and formulation on the physicochemical properties of
double emulsions

The design and preparation of double emulsions (W1/O/W,) is complicated since it is required
to stabilize at least two types of interfaces. There are four principal forms of double emulsions
instability including coalescence of inner water droplets, coalescence of oil droplets, the rupture of oil
film that separates the inner and outer phases due to high packing density both causing the leakage of
the encapsulated bioactive compound and migration of inner water droplets or their water soluble
materials through a process called “reverse micellar transport” (Hino, Shimabayashi, Tanaka, Nakano,
& Okochi, 2001; Lamba, Sathish, & Sabikhi, 2015). Moreover, another practical concern is that inner
droplets are prone to suffer swelling and rupture induced by osmotic transport and hence, this
phenomenon has to be controlled in order to avoid their coalescence.

Therefore, the type and concentration of surfactant, the emulsification procedure and the
incorporation of stabilizing agents are crucial for the effective formation of double emulsions. In this
regard, the chapter VI of the present work aimed at obtaining an optimized formation procedure of
water-in-oil-in-water (W,/O/W,) double emulsions as potential templates to carry hydrophilic (e.g.
chlorophyllin; CHL) and/or hydrophobic (e.g. lemongrass essential oil; LG-EO) active compounds.
First of all, primary W1/O emulsions were formed at varying Span 80 or PGPR concentrations (4, 6
and 10% w/w) by HSH (11,000 rpm, 5 min). Subsequently, several emulsification methods and
conditions were studied, such as high-shear homogenization (HSH), ultrasonication or
microfluidization. Also the influence of sodium alginate incorporation (0-2% w/w) as well as salt
addition (0-0.25M) on the particle size of the primary W1/O dispersion was investigated. The particle
size of W4/O emulsions decreased at increasing the concentration of Span 80 or PGPR from 4% to
10% wi/w. Nevertheless, the performance in reducing the particle size of the W,/O emulsions was
significantly different for both surfactants. In this regard, PGPR led to W,/O emulsions with
remarkably smaller particle sizes (< 1 um) than Span 80 (> 32 um), regardless the surfactant
concentration. According to Tabibiazar & Hamishehkar (2015), PGPR may be able to better interact
with the lipid phase due to its higher hydrophobicity compared to Span 80 forming a kinetic barrier
protecting the emulsion against droplets coalescence.

Primary emulsions prepared by HSH (11,000 rpm, 5 min) with a 4% w/w PGPR led to particle
sizes of 509 nm. Either HSH at higher energy, ultrasonication or microfluidization caused the breaking
of primary emulsions. This “over-processing” was also reported by other authors like Jafari, He, &
Bhandari (2007b), who observed a re-coalescence due to an increase in the droplets surface area,
which favored polydispersion. Moreover, the incorporation of NaCl (0.05M) and sodium alginate (2%
w/w) in the inner aqueous phase was vital for double emulsions destabilization. It is reported that the
enhancement of the viscosity of the prior W,/O emulsion may improve the stability of the subsequent
double emulsion (Muschiolik & Dickinson, 2017) In addition, other authors have also observed a
positive effect on W,/O/W, stabilization after the incorporation of biopolymers to the inner aqueous
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phase (Dickinson, 2011; Mezzenga, Folmer, & Hughes, 2004). It is believed that the origin of this
improvement of stability is due to the interaction between polysaccharide and lipophilic surfactant,
which provides a viscoelastic barrier thus preventing droplets coalescence (Garti, 1997). Indeed, some
authors such as Dickinson (2011) also described the synergistic stabilizing effect between the
biopolymer (e.g. sodium caseinate) and PGPR. The incorporation of electrolytes like NaCl together
with biopolymers extended the thermodynamic stability of double emulsions by controlling the
osmotic balance (Benichou, Aserin, & Garti, 2004). Primary emulsions containing 0.05M of NaCl
remained stable during one week, whereas those with less or more concentration of salt destabilized
during the third day of storage. The same behavior was observed by Aronson & Petko (1993), who
proposed that electrolytes can increase the adsorption density of surfactant thus reducing emulsion
interfacial tension and preventing destabilization.

For the formation of double emulsions, the prepared W,/O emulsion containing 2% w/w of
sodium alginate and NaCl 0.05M in the inner aqueous phase was dispersed in a second aqueous phase
(W,). The effect of (i) magnetic stirring time (3-24h), (ii) type and concentration of hydrophilic
surfactant (i.e. Tween 20 or lecithin at 2-4% w/w) and (iii) impact of NaCl incorporation (0-0.25 M) in
the W, on the formation of W4/O/W, emulsions was evaluated. First of all, the higher the time of
stirring, the lower the particle size of W,/O/W, emulsions, reaching a value of 3.6 um after 24h with
regards the initial one of 8.6 um. In agreement with our results, Bonnet, Cansell, Placin, Anton, &
Leal-Calderon (2010) reported that their W,/O/W, emulsions, in which W1/O globules were about
eight times larger than W, droplets, remained invariant over 30 days. Secondly, the increase of
surfactant concentration contributed to reduce the particle size of lecithin-stabilized double emulsions,
which in turn remained stable during at least 10 days. This surfactant seemed to have complementary
rheological properties with PGPR allowing a better control in the stability of double emulsions
(Bastida-Rodriguez, 2013). Finally, in order to ensure the stability of the second interface, a balance
between Laplace and osmotic pressures was required. Therefore, the concentration of ions from salt
and biopolymer in both aqueous phases (W; and W,) had to be the same (0.05M and 2% w/w,
respectively) preventing migration and subsequent breaking of W,/O/W, emulsions structure.

The loading of stable double emulsions with hydrophilic (e.g. CHL) and/or lipophilic (e.g.
LG-EO) active compounds did not have an impact in the physicochemical properties of emulsion-
based systems. Particle size of primary emulsions containing CHL and/or LG-EO was 0.56 um, while
the mean droplet diameter of double emulsions was about 6-7 = 0.7 um. Double emulsions were of
type C, in which, a single droplet contains several droplets with opposite polarity within thus acting as
a highly efficient delivery system. Moreover, LG-EO at 1% w/w was able to slowdown inner water
droplets diffusion regarding the higher EE of emulsions containing EO than those without (91 + 6-10°
% and 84 + 1-10% %, respectively). Additionally, the antioxidant capacity (AC) measured by DPPH
and FRAP assays of double emulsions containing CHL and LG-EO was lower than in the case of
those carrying only one of them. It is reported that after catalytic oxidation produced during the
antioxidant activity tests, the essential oils show stronger antioxidant effects than before oxidation
(Juki¢ & Milos, 2005). Therefore, our results indicated that CHL prevented LG-EO oxidation.

W,/O/W, emulsions were twice viscous than their starting primary emulsions with apparent
viscosities greater than 250 mPa-s due to the presence of sodium alginate in both aqueous phases.
Yang, Jiang, He, & Xia (2012) also observed a strong influence of sodium alginate dispersed in the
aqueous phase in the apparent viscosity of emulsions, which can increase until sixty times when the
biopolymer was not microfluidized (Artiga-Artigas et al., 2017).
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The encapsulated active compound determined the final color of W;/O and W,/O/W,
emulsions. Consequently, emulsions containing CHL tended to the green, whereas in those containing
LG-EO, the predominant color was yellow.

SECTION I11: Application of emulsion-based nanostructures to foods

Use of edible coatings from nanoemulsions to extend the shelf-life of a low-fat cut cheese

Nanoemulsions containing 1.5%, 2.0% or 2.5% w/w oregano essential oil (OR-EO) and
enriched with 0.5% w/w mandarin fiber were applied as antimicrobial edible coatings onto a low-fat
cut cheese surface in order to assess their antimicrobial effectiveness against inoculated
Staphylococcus aureus; and their capability to improve the shelf life of a highly perishable product.
The combination of sodium alginate and mandarin fiber, a prebiotic, resulted interesting to enhance
the physicochemical properties of emulsions and provide added-value to the food product.

Coated cheese pieces prepared during chapter VII suffered a higher weight loss than those
uncoated since in the coated product; the concentration of water on the matrix surface was grater
according to the measured water activity (a,,) that was 0.974 for coated cheese pieces and 0.947 for the
uncoated. Regarding the different coatings, those with the highest content of EO resulted more
effective as barriers showing a weight loss of 195.3 =+ 0.2 mg, and a higher water vapor resistance
(WVR) than those with less concentration of OR-EO.

In order to evaluate the antimicrobial effectiveness of coatings, an initial microbial load of 10°
CFU/g was inoculated on the surface of cylindrical cheese pieces. The initial load decreased 0.9 £ 0.1
log CFU/g on average, just after applying the different coatings or after their submersion in ultrapure
water (uncoated cheese pieces). The concentration of OR-EO used in the formulation of edible
coatings had a significant effect on their bactericidal activity against inoculated Staphylococcus aureus
over time. The microbial population decreased 1.4 and 1.5 log CFU/g in coated cheese pieces
containing 2.0 % or 2.5% w/w of OR-EO, respectively, during 15 days of refrigerated storage.
However, coatings with a lower OR-EO concentration were not effective in reducing Staphylococcus
aureus population. This is due to the higher the OR-EO concentration, the greater the carvacrol
content. Carvacrol is the major active compound from OR-EO, which is able to modify the cell
membrane of Gram-positive bacterial species such as Staphylococcus aureus (La Storia et al., 2011).

Likewise, results revealed that coatings with a concentration of OR-EO higher than 2.0% w/w
clearly had an antimicrobial effect against psychrophilic bacteria and molds and yeast. However, the
most effective microbial inhibition of psychrophilic bacteria was obtained for cheese pieces coated by
the nanoemulsion with the highest percentage of OR-EO (2.5% w/w). In this case, the growth began
after the 6" day of storage and reached the equilibrium with values lower than 6.7 log CFU/g at the
13" day. Regarding molds and yeast, the growth started after the 13" day in uncoated cheese pieces
and in those coated with the lowest percentage of OR-EO (1.5% w/w). However, the fungi growth for
uncoated pieces was greater than for those coated. In the case of coatings prepared with a 2.0% w/w of
OR-EO, the growth began after 17 days of storage. Lastly, cheese pieces coated with 2.5% w/w of OR-
EO did not show molds and yeast growth at least during 24 days of experiment. Therefore, both
psychrophilic bacteria and molds and yeast were also sensitive to carvacrol.
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Moreover, coatings based containing OR-EO caused a decrease of O, consumption compared
with the uncoated pieces from the 3" day of storage as a result of the control of the microbial growth.
Although it has been observed that coatings with an upper percentage of EO had a higher resistance to
gas diffusion due to their lipophilic nature, the presence of some carbohydrates such as alginate and
mandarin fiber contributed to increase gas permeability (Rojas-Grau et al., 2007). This agrees with
literature where it is reported that the capability of alginate or mandarin fiber chains of holding water
in their structures together with the fact that EO concentration was low, could cause a decrease in the
ability of coatings to act as barriers to the transport of humidity, gases, and aroma compounds (Espitia,
Du, Avena-Bustillos, Soares, & McHugh, 2014; Miller & Krochta, 1997; Rojas-Grau et al., 2007).

Regarding ethanol production, there were not significant differences (P>0.05) between cut cheese
coated by nanoemulsions containing 1.5% OR-EO and uncoated pieces. The same occurred for 2.0%
and 2.5% OR-EO coatings probably because both resulted effective in the control of microbial growth.
Moreover, it was observed that ethanol produced by cheese during propionic and acid fermentation
due to the action of lactic bacteria (Acerbi, Guillard, Guillaume, Saubanere, & Gontard, 2016;
Frohlich-Wyder et al., 2013), reacted with different derivatives of primary or secondary biochemical
processes that occur during cheese shelf life since its concentration was diminishing during storage.

Optical properties of nanoemulsions depended on OR-EO concentration, thus when they are
applied as edible coatings the color of the coated cheese pieces was slightly altered. Indeed, WI was
influenced by the rise of the b* coordinate value, which indicates the increase of yellow color. In this
regard, uncoated cheese pieces exhibited the highest WI value (76.32 + 0.98) and there were no
significant differences during the time. However, although coated cheese pieces were more yellow
than uncoated, they were able to maintain the brightness and the external properties of cheese during
the time.

Regarding textural properties, edible coatings allowed maintaining, not only the elasticity of
coated cheese pieces but also their softness. Coated cheese pieces showed similar values of hardness,
cohesiveness, gumminess and elasticity regardless the EO percentage incorporated in nanoemulsions.
Nonetheless, uncoated pieces showed higher cohesiveness values, which decreases during the time;
hence, coated cheese may break easily. The cheese becomes a cohesive material along the time
because the particles are closer after the product dehydration (Szczesniak, 2002). Therefore, edible
coatings helped to preserve the water into the food matrix maintaining the cohesiveness, whereby the
disintegration of the product is less probable.
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Conclusions

The main findings obtained based on the results observed in the present Doctoral Thesis are described
below organized according to the three proposed sections. The following statements can be concluded:

SECTION I: Designing nanoemulsions as carriers of lipophilic bioactive compounds.

e Pectin influenced the physicochemical properties of the nanoemulsions where it is included.
At concentrations over 1% wi/w, pectin acted as an emulsifier even in absence of small
molecule surfactants leading to submicron emulsions formation (d = 350-850 nm).
Nonetheless, the -potential values indicated that pectin is weakly adsorbed at the oil-water
interface as a modest or negligible decrease in the {-potential was observed depending on the
type of oil (e.g. essential oils) at increasing biopolymer concentrations.

e Tween 20, lecithin and sucrose monopalmitate led to nanoemulsions with particle sizes below
400 nm. Moreover, although the three surfactants exhibited high encapsulation efficiencies (>
75%), just lecithin efficiently entrapped curcumin inside the nanostructured system thus
protecting it against degradation. Lecithin in a concentration of at least 1% w/w was able to
form long-term stable curcumin-loaded nanoemulsions (3 months of room temperature
storage). Oppositely, sucrose monopalmitate was not effective in nanoemulsions stabilization,
since phase separation occurred during the first 24h after preparation regardless its
concentration.

e Ultrasonication (200 s, 100 um) and microfluidization (2 cycles, 800 bar) allowed the
preparation of highly concentrated submicron emulsions with particle sizes of 0.56 and 0.36
um, respectively. The increase of oil volume fraction (¢) or surfactant-oil ratio (SOR)
contributed to decrease the particle size of concentrated systems, which in turn increased their
apparent viscosity and thus, the droplets spatial packing. High shear forces caused
destabilization of emulsions with ¢ over 0.5. Highly concentrated emulsions (¢ 0.5; SOR 0.1)
exhibited high capacity to encapsulate curcumin regardless the particle size and the
emulsification process used.

e Mechanical forces due to microfluidization caused the partial breaking of alginate chains
leading to the formation of nanoemulsions with lower particle sizes than those prepared with
non-microfluidized biopolymer. This breaking was irreversible but microfluidized biopolymer
chains were able to rearrange according to gel permeation chromatography results.

¢ Nanoemulsions stabilized by whey protein isolate (WPI):sugar beet pectin (SBP) complexes
showed lower droplet growth than those WPI- or SBP-stabilized. WPI is preferably adsorbed
at droplet interface, whereas pectin chains are oriented towards the bulk aqueous phase since
the interfacial rheology of WPI-SBP complexes was similar to that of the WPI alone.
WPI:SBP complexes are a good strategy to form nanoemulsions stable during 48h containing
decane, although as other short-chain triglycerides, it is very prone to suffer Ostwald ripening.
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SECTION I1: Designing double emulsions as carriers of hydrophilic bioactive compounds.

The formation of double (W;/O/W,) emulsions requires the use of a two-step emulsification
procedure, in which the primary emulsion may be formed by high-shear mixing (11,000 rpm,
5 min) and the subsequent secondary emulsion formation shall be formed by mild shear
mixing (5,600 rpm, 2 min) followed by magnetic stirring (750 rpm, 2 min) in order to preserve
their structure. The use of alginate as stabilizing agent and NaCl in both aqueous phases to
maintain the osmotic balance between the internal and external water phases is of crucial
importance to formulate stable double emulsions.

Template W,/O/W, emulsions allowed the successful incorporation of chlorophyllin (CHL)
and lemongrass essential o0il (LG-EO) without suffering destabilization. Both active
compounds loaded in the prepared dual systems not only maintained their antioxidant capacity
(AC) but showed a synergic behavior. Indeed, LG-EO incorporation increased the
encapsulation efficiency of CHL, suggesting that the oil was able to slowdown inner water
droplets diffusion and in turn, CHL delayed essential oil oxidation according to AC values.
Moreover, LG-EO and sodium alginate contributed positively to reduce particle size and
extending the stability of W,/O/W, emulsions over time.

SECTION I11: Application of emulsion-based nanostructures to foods
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The combination of mandarin fiber, and sodium alginate let the formation of stable
antimicrobial nanoemulsions containing oregano essential oil (OR-EQ) able to act as edible
coatings onto cheese pieces.

Edible coatings with concentration of OR-EO over 2.0% w/w improved the microbial stability
of the cheese pieces, resulted effective in the decontamination of external pathogens such as
Staphylococcus aureus, retarded the microbial growth of psychrophilic bacteria, molds and
yeasts during at least 11 days regarding uncoated cheese pieces; and preserved cheese outward
appearance during the time. As a consequence, the incorporation of nanoemulsions-based
edible coatings containing OR-EO onto low-fat cut cheese extended the safety, quality,
nutritional value and ultimately, the shelf life of this product.
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Future Research

The results obtained in this Doctoral Thesis contributed to elucidate the main factors affecting the
formation and stability of emulsion-based nanostructures that can be used as delivery systems of plant-
derived bioactive compounds. Indeed, nanoemulsions and double emulsions prepared during the
present work have demonstrated effective potential to encapsulate and protect lipophilic and/or
hydrophilic bioactive compounds such as curcumin, chlorophyllin and essential oils. Nonetheless,
further investigations are required in order to be used in the food industry including a deep study of
these systems digestibility, the bioaccesibility and bioavailability of the encapsulated bioactive
pigments and the feasibility of scaling up the preparation methodologies. Therefore, the following
research is proposed:

¢ Study the functionality of encapsulated bioactive pigments using in vitro and in vivo models.

e Incorporate nanoemulsions and double emulsions to food matrices in order to assess their
efficiency as delivery systems and explain the possible interactions with the components of
food products.

o Evaluate the feasibility of extrapolating the formation procedure of emulsion-based
nanostructures on a large scale in order to be introduced these systems into the industry field.

e Confirm the consumers’ acceptance of food products containing emulsion-based systems,
either as coatings or in liquid state.
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