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ABSTRACT

DEVELOPMENT AND CHARACTERIZATION OF LIPID-BASED
NANOSYSTEMS FOR CONTROLLED RELEASE OF
BIOACTIVE COMPOUNDS

The application of nanotechnology to food industry has received great attention
from the scientific community. Driven by the increasing consumers’ demand for
healthier and safer food products and the need for food grade systems able to
encapsulate, protect, and release bioactive compounds, researchers are
currently focusing their efforts in nanotechnology to address issues relevant to
food and nutrition. Lipid-based nanosystems used as delivery systems are
particularly suited for the encapsulation of lipophilic bioactive compounds as it
prevents their degradation and improves their bioavailability during
gastrointestinal passage. These nanosystems have the potential to
revolutionize food industry, once they will allow designing and developing novel
functional food products, improving water solubility, thermal stability and
bioavailability of bioactive/functional compounds, and enhance sensory
attributes and physiological performance of products such as: soft drinks, milk,
ice cream, salad dressings, soups, mayonnaise, sauces, dips, butter and
margarine. Despite their functionalities, key challenges such as their behaviour
within the human gastrointestinal tract and possible toxicity, should first be

addressed.

Having this background in mind, this thesis aims at developing lipid-based
nanosystems for controlled release of lipophilic bioactive compounds, while

evaluating their behaviour under gastrointestinal tract conditions and at the



same time evaluates the developed nanosystems toxicity towards humans, in
model Caco-2 cells. In order to achieve these premises this work a) defines the
influence of surfactants and processing conditions in nanoemulsions
development; b) evaluates the influence of surface composition in the
nanosystems behaviour under gastrointestinal conditions; and c) studies the
nanosystems toxicity and their ability to deliver curcumin through Caco-2 cells

monolayer.

The work performed has shown that nanoemulsions can be produced using
high-pressure homogenization and surface composition can be modified using
the layer-by-layer (LbL) electrostatic deposition technique. The influence of
surfactant and processing conditions on the development and stability of
nanoemulsions were evaluated and results showed that processing parameters
such as homogenization pressure, surfactant concentration and oil:water ratio
significantly affected the Hydrodynamic diameter (Hq) and Polydispersity Index
(Pdl) values of nanoemulsions. The developed nanoemulsions showed a good
kinetic stability (evaluated after centrifugation, heating-cooling cycles and
thermal stress) upon measuring the Hy during 28 and 35 days of storage,
without visual evidence of creaming and phase separation. Surface composition
modification carried through LbL technique resulted in kinetically stable
multilayer nanoemulsions. Results showed an encapsulation efficiency of 99.8 £
0.8 % and a loading capacity of 0.53 + 0.03 % (w/w) for the nanoemulsion. The
presence of the multilayer leads to an increase of the Hq of the nanosystems,
from 80.0+0.9nm (nanoemulsion) to 130.1 * 15 nm (multilayer
nanoemulsion). Curcumin release profiles from the nanosystem were evaluated
at different conditions and by fitting a linear superimposition model to
experimental data the results suggested an anomalous behaviour, being the
relaxation of the surfactant and polyelectrolytes the rate-determining

phenomena in curcumin release.

The effect of the deposition of chitosan and alginate layers onto nanoemulsion
systems on curcumin bioaccessibility during in vitro digestion was studied using
a dynamic gastrointestinal system that mimicked stomach, duodenum, jejunum
and ileum conditions. Results showed that the deposition of a polyelectrolyte

layer significantly improved the antioxidant capacity of curcumin during in vitro



digestion. In addition, whenever a polyelectrolyte layer was deposited on the
nanoemulsion droplets, was observed a better control of the rate and the extent
of lipid digestibility by decreasing the hydrolytic activity of lipase when

compared to uncoated nanoemulsions.

The construction of a chitosan layer increased the bioaccessibility of curcumin,
whereas cellular antioxidant activity studies revealed that nanoemulsions and
multilayer nanoemulsions had respectively 9 and 10 times higher antioxidant
capacity at the cellular level, when compared to pure curcumin. Permeability
assays showed that the use of a chitosan layer significantly increased (p<0.05)
the apparent permeability coefficient of curcumin through Caco-2 cells by 1.55-
fold.

In conclusion, this works shows that lipid-based nanosystems can be tailored to
increase lipophilic bioactive compounds bioaccessibility or modulate the satiety
response by retarding lipid digestion, which can be rather important for the
development of functional foods designed for combating obesity, showing great

potential for application in food industry.
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RESUMO

DESENVOLVIMENTO E CARACTERIZACAO DE
NANOSISTEMAS LIPIDICOS PARA LIBERTACAO
CONTROLADA DE COMPOSTOS BIOACTIVOS

A aplicacdo da nanotecnologia na industria alimentar tem recebido grande
atencdo por parte da comunidade cientifica. Impulsionada pela crescente
preocupacdo dos consumidores por produtos alimentares mais saudaveis e
seguros e pela necessidade de sistemas ediveis capazes de encapsular,
proteger e libertar compostos bioativos, os investigadores estdo atualmente a
concentrar os seus esforcos no uso da nanotecnologia de forma a responder a
guestdes relevantes a alimentacao e nutricdo. Os nanosistemas lipidicos como
sistemas de libertacdo sédo particularmente interessantes para a encapsulacao
de compostos lipofilicos bioativos, uma vez que impedem a sua degradacédo e
melhoram a sua biodisponibilidade durante a passagem gastrointestinal. Estes
nanosistemas tem o potencial de revolucionar a industria alimentar, uma vez
gue permitirdo o desenvolvimento de novos produtos nutraceuticos, melhorar a
solubilidade em agua, a estabilidade térmica, a biodisponibilidade, atributos
sensoriais e 0 desempenho fisiolégico de produtos tais como refrigerantes,
leite, gelados, molhos para saladas, sopas, maioneses, manteiga e margarina.
No entanto, apesar das suas funcionalidades, existem ainda alguns desafios
tais como 0 seu comportamento no trato gastrointestinal humano e possivel

toxicidade, que devem de ser abordados.

Com estes desafios em mente, esta tese visou o desenvolvimento de
nanosistemas lipidicos para a libertacdo controlada de compostos bioativos
lipofilicos, avaliar o seu comportamento sob condi¢cbes do trato gastrintestinal
e, ao mesmo tempo avaliar a toxicidade dos nanosistemas desenvolvidos em
células Caco-2. De forma a cumprir estas premissas, este trabalho consistiu
em: a) avaliar a influéncia dos surfactantes e das condi¢cdes do processo no

desenvolvimento de nanoemuls@es; b) avaliar a influéncia da composicédo de
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superficie no comportamento nanosistemas sob condicfes gastrointestinais; e
c) determinar a toxicidade e a capacidade dos nanosistemas no transporte de

curcumina através de uma monocamada de células Caco-2.

O trabalho realizado demonstrou que as nanoemulsées podem ser produzidos
utilizando homogeneizacao de alta pressdo e que a composicdo de superficie
das mesmas pode ser alterada utilizando a técnica de deposicao eletrostatica
camada-a-camada (LbL). A influéncia do surfactante e das condicbes de
processamento foram avaliadas no desenvolvimento e estabilidade das
nanoemulsdes. Os resultados mostraram que as condi¢cdes de processamento,
tais como pressdo de homogeneizacdo, concentracdo de surfactante e
proporcdo Oleo:dgua afetou significativamente os valores do diametro
hidrodindmico e do indice de polidispersibilidade das nanoemulsdes. As
nanoemulsdes desenvolvidas demonstraram boa estabilidade cinética
(avaliada apos ciclos de centrifugacédo, de aquecimento e de arrefecimento e
stress térmico) através da medicdo da diametro hidrodinamico durante 28 e 35
dias de armazenamento, sem evidéncia visual de creaming e separacao de
fases. A modificacdo da composicdo da superficie realizada através da técnica
LbL resultou em nanoemulsbes multicamadas cineticamente estaveis. Os
resultados mostraram uma eficiéncia de encapsulacéo de 99,8 + 0,8 % e uma
capacidade de loading de 0,53 + 0,03 % (w/w) para a nanoemulsdo. A
presenca das multicamadas originou um aumento do diametro hidrodinamico
das nanoemulsdes de 80,0 £ 0,9 nm (nhanoemulsdo) para 130,1 + 1,5 nm
(nanoemulsdo multicamada). Os perfis de libertacdo da curcumina dos
nanosistemas foram avaliados em diferentes condi¢cdes. A modelacdo dos
dados experimentais através do modelo linear de sobreposi¢do sugeriu que o
transporte da curcumina é devido a um comportamento anémalo, sendo o
relaxamento do surfactante e dos polielectrolitos os fendmenos determinantes

para a libertacao controlada da curcumina.

O efeito da deposicdo de camadas de quitosano e alginato em nanoemulsées
foi avaliado com base na bioacessibilidade da curcumina durante digestfes in
vitro, utilizando um sistema gastrointestinal dindmico que mimetiza as

condicBes do estbmago, duodeno, jejuno e ileo. Os resultados mostraram que
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a deposicdo de camadas de polielectrolitos melhorou significativamente a
capacidade antioxidante de curcumina durante a digestéo in vitro. Além disso, a
deposicado de camadas de polielectrdlitos permitiu um melhor controlo da taxa e
extensdo da digestibilidade lipidica através da diminuicdo da atividade

hidrolitica da lipase.

A construcdo de uma camada de quitosano aumentou a biodisponibilidade da
curcumina, enquanto que estudos de atividade antioxidante celular revelaram
gue nanoemulsdes e nhanoemulsdes multicamada obtiveram respectivamente 9
e 10 vezes maior capacidade antioxidante a nivel celular, qguando comparado
com a curcumina pura. Ensaios de permeabilidade mostraram que o uso de
uma camada de quitosano aumenta significativamente (p<0.05) o coeficiente
de permeabilidade aparente da curcumina através de células Caco-2 em 1,55

VEezes.

Em conclusao, esta trabalho demonstra que os nanosistemas lipidicos podem
ser personalizados para aumentar a biodisponibilidade de compostos bioativos
lipofilicos ou modular a saciedade ao retardar a digestdo dos lipidos, o que
pode ser importante para o desenvolvimento de alimentos funcionais
concebidos para o combate a obesidade, mostrando um grande potencial para

futuras aplicacGes na industria alimentar.
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1.1 Thesis motivation

Nowadays consumers are demanding for new and healthier food products, so
food industry seeks for new methodologies that lead to sustainable products
and processes. The creation of new methodologies of encapsulation using
nanotechnology allows the protection and release of bioactive compounds
with several advantages when compared with microencapsulation, whereas
the development of functional products without affecting their quality is one of
researchers’ focuses (M. A. Cerqueira, et al., 2013; H. Silva, Cerqueira, &
Vicente, 2012). In this context, lipid-based nanosystems appear as an
emerging tool that holds potential to provide the food industry with a variety of
applications once they can act as carriers or delivery systems for lipophilic
bioactive compounds, such as nutraceuticals, drugs, flavours, antioxidants
and antimicrobials, while offering the potential to improve bioavailability during
gastro-intestinal passage and their solubility in aqueous media (Quintanilla-
Carvajal, et al., 2010; H. D. Silva, et al., 2011). Lipid-based nanosystems can
be used for the food and beverage industry for the encapsulation of lipophilic
compounds, while allowing the preservation of their unique properties,
releasing them at the desired target, and simultaneously preserving the
organoleptic and nutritional properties of food products (Plaza-Oliver, et al.,
2015).

Nevertheless, key challenges must be addressed for a total and safe
implementation of these systems by the industry, such as: the production of
nanosystems without toxicity, targeting human consumption; the development
of functional nanosystems with affordable scale-up technologies; the
understanding of nanosystems behaviour during gastrointestinal conditions
and informative actions towards the application of nanotechnology in the food
industry focused to consumers (Cerqueira, et al., 2014). In order to answer to
these challenges the following purposes must be achieved: a) development of
nanosystems using food grade materials, simple and economically affordable
methods easy to scale-up, such as nanoemulsions and multilayer
nanoemulsions; b) knowledge of the nanosystems behaviour when subjected

to the physicochemical and physiological processes occurring in human
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gastrointestinal tract using realistic in vitro gastrointestinal models, where
ideally in vivo models should be used (Pinheiro, Coimbra, & Vicente, 2016).
Consumers’ awareness and knowledge towards nanotechnology should be
enlarged through accurate information regarding the state of the art, potential
benefits and safety of nanotechnology (Roco & Bainbridge, 2005).

The potential of nanotechnology to create new and healthier foods were thus

the major motivations for the development of this thesis.

1.2 Research aims

The main purpose of this thesis was the development of lipid-based
nanosystems for controlled release of lipophilic bioactive compounds. In
particular:
* Physicochemical characterization of developed nanosystems:
nanoemulsions and multilayer nanoemulsions;
* Incorporation of bioactive compounds into the developed nanosystems;
* Evaluation of the stabilty of nanosystems under different
environmental conditions;
* Study of the transport properties of nanosystems in food simulants;
e Study of the behaviour of nanosystems in a dynamic artificial
gastrointestinal system;
* Evaluation of the cytotoxicity of nanosystems in a Caco-2 cell line;
e Study of the apparent permeability coefficient of curcumin in

nanosystems through Caco-2 cells.

1.3 Thesis outline

Based on the main purpose and following the research aims this thesis was
organized in a total of seven chapters. Chapter 1 provides the motivation,
research aims and outline of this thesis. Chapter 2 provides an overview
regarding the development of hanoemulsions and multilayer nanoemulsions.
Chapters 3 to 6 report the main experimental results and further discussion,

while Chapter 7 presents the main conclusions and future remarks.
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More specifically, Chapter 3 presents the influence of surfactants, lipid phase
and process conditions in the development and stability of nanoemulsions. In
Chapter 4, curcumin nanoemulsions were produced using high-pressure
homogenization and multilayer nanoemulsions were developed through layer-
by-layer (LbL) electrostatic technique being the release properties of the
nanosystems evaluated. In Chapter 5 the behaviour of the nanosystems
developed in Chapter 4 were studied under in vitro gastrointestinal conditions.
Also, the effect of the surface composition of the nanoemulsion on curcumin
bioaccessibility was evaluated. Chapter 6 presents the development of food
grade nanoemulsions and multilayer nanoemulsions, while evaluating the
effect of surface composition under gastrointestinal conditions. Equally, the
evaluation of the cytotoxicity and apparent permeability coefficient of curcumin
from nanosystems on Caco-2 cells was performed.

Chapter 7 presents the main achievements of this thesis and future

recommendations.
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2.1 Introduction

Nanotechnology is an emerging technology that holds potential to change food industry
(Huang et al., 2010; Luykx et al., 2008). Nanotechnology involves research, technology
development, and control of structures within sizes ranged between 1 and 100 nm
(Quintanilla-Carvajal et al., 2010). The development of technologies able to manipulate
or assemble materials at the nanometer scale (10° m) can provide commercial,
technological and scientific opportunities for the industry (Huang et al., 2010). The
application of nanotechnology to the food field may allow the modification of macroscale
characteristics of food, such as texture, taste, other sensory attributes, colouring
strength, processability, and stability during shelf life, which can lead to a great number

of new products.

Bioactive compounds, claimed to provide health benefits as prevention or treatment of
diseases (Chu et al., 2007b), are already available in the marketplace in the form of
capsules or tablets. Nevertheless, it has become evident that these solutions may not
sustain the health benefits of these bioactive compounds, mainly because of their low
bioavailability. This is particularly the case of lipophilic compounds (Chen et al., 2006;
Chu et al., 2007b; Spernath & Aserin, 2006). Improving the bioavailability of bioactive
compounds often means enhancing their absorption in the gastro-intestinal tract,
referred as a critical requirement. In this field nanotechnology offers solutions for
improving water solubility and bioavailability of lipophilic bioactive compounds (Chu et
al., 2007b).

Nanoemulsions technology can allow the modification of food characteristics such as:
texture, taste, other sensory attributes, colouring strength, processability and stability
during the shelf life of the food products, leading to the production of new food products
(McClements et al., 2007; Ziani et al., 2012). Nanoemulsions are one the examples of
structures which uses nanotechnology to improve the water solubility, thermal stability
and the bioavailability of lipophilic bioactive compounds. The development of these
structures can lead to the commercialization of edible systems able to encapsulate,

protect and release lipophilic functional compounds (Huang et al., 2010; McClements et
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al., 2007). They can also be used in the incorporation of lipophilic bioactive compounds
into aqueous-based foods or beverages that needs to remain stable and optically
transparent during the shelf-life, e.g. fortified waters, soft drinks, sauces and dips
(Velikov & Pelan, 2008). In this way, the food and beverage industries have a
considerable interest in encapsulate, protect and deliver lipophilic functional
compounds, such as: flavours, colours, essential oils, antioxidants, antimicrobials,
micronutrients, vitamins and nutraceuticals (Sanguansri & Augustin, 2006; Yang et al.,
2012). This interest is due to their insolubility in water and weakly solubility in oil at
ambient temperature, low bioavailability, sensitivity to light, oxygen and heat and poor
chemical stability that limits their use in the food industry (McClements et al., 2007;
McClements & Li, 2010).

This chapter reviews nanoemulsion production methods (high energy and low energy)
as well as the materials used for nanoemulsion preparation (solvents and emulsifiers,
as well as bioactive compounds) that are already in use or can be used. An overview on
the layer-by-layer (LbL) technique for the build up of multilayer nanoemulsions is also
provided. A description of analytical technigues used for nanoemulsions
characterization is covered, being these techniques divided in three categories:
separation techniques (such as High Pressure Liquid Chromatography — HPLC and
Flow Field Fractionation — FFF), physical techniques (such as Dynamic Light Scattering
— DLS, zeta potential — Zp, Differential Scanning Calorimetry — DSC, Fourier Transform
Infrared — FTIR, Nuclear Magnetic Resonance — NMR and X-Ray Diffraction — XRD)
and imaging techniques (such as Transmission Electron Microscopy — TEM, Scanning
Electron Microscopy — SEM and Atomic Force Microscopy — AFM). Despite some of
these techniques being mostly applied to nanoparticles, they can be applied to

characterize nanoemulsions as well.

Finally, a brief statement regarding the societal challenges of nanotechnology in foods
is presented, and some examples of nanotechnology-based foods and food-ingredients

which are being marketed or very close from it are showed.

10
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2.2 Materials and lipophilic bioactive compounds used in nanoemulsions

fabrication

A great variety of materials can be used to produce nanoemulsions, and these are
divided in three different classes: oily phase materials, surfactants and bioactive
compounds. In order to build nanoemulsions, the appropriate materials should be
employed in order to achieve the desired properties. A special attention to the nature of
these materials should be given, where only food-grade ingredients (Generally
Recognized As Safe — GRAS) should be used; moreover these materials should be: a)
matrix compatible, in order to not affect the appearance, texture, flavour and stability of
the products; b) stable during food processing, being able to undergo the various
processing operations experienced by the food products, during the manufacture,
storage, distribution and shelf-life during the utilization; and c) economic, in order to
avoid additional costs to the food product (McClements & Li, 2010; Rao & McClements,
2013; Ziani et al., 2012).

Table 2.1 and Table 2.2 present examples of oils and surfactants used in the production
of nanoemulsions, which can be applied to the food industry. Whereas in Table 2.3

some examples of lipophilic bioactive compounds are presented.

2.3 Production of nanoemulsions

Emulsifiers have a major role in the formation of nanoemulsions due their ability to form
a protective coating (interfacial layer) surrounding the oil droplets. This is due their
ability to low the interfacial tension between two immiscible liquids (e.g. oil in the
dispersed phase and water in the aqueous phase), reducing the required amount of
energy needed to disrupt the droplets, leading to smaller sizes and preventing the
coalescence (McClements, 2005; Silva et al., 2012; Silva et al.,, 2011b; Silva et al.,
2011c). Oil-in-water (o/w) nanoemulsions is a mixture of two immiscible liquids, where
thin interfacial layer of emulsifier molecules surrounds the oil droplets promotes the
dispersion of the oil phase in the continuous phase (Acosta, 2009; Silva et al., 2012;
Silva et al., 2011b; Tadros et al., 2004). In water-in-oil (w/0) nanoemulsions the oil is the

continuous phase, where the emulsifier surrounds the water droplets (disperse phase);

11
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the emulsifiers can also be dispersed in the continuous phase or in the dispersed

phase, depending on their hydrophilic-lipophilic balance (Khalid et al., 2013).

12
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Nanoemulsions can be produced using a broad range of approaches that are
classified in high-energy and low-energy approaches. High-energy approaches
use mechanical energy from devices to create intensive disruption forces that
leads to the breakup of oil and water phases and along with the emulsifiers, that
allows to reduce the interfacial tension, leads to the formation of o/w
nanoemulsions (Anton et al., 2008; Leong et al., 2009; Silva et al.,, 2012;
Velikov & Pelan, 2008). Low-energy approaches are based in the intrinsic
physicochemical properties of the system formulation (e.g. interfacial tension,
surfactant and co-surfactant structure and concentration, oil physical properties
and excipients of the formulation), where the nanoemulsions can be produced
almost spontaneously due to the phase transitions that take place during the
emulsification process, which can be carried out at constant temperature,
changing the composition or keeping constant the composition, in this case
changing the temperature (Bouchemal et al., 2004; Freitas et al., 2005; Rang &
Miller, 1999; Shinoda & Saito, 1968; Silva et al., 2012).

2.3.1 High-Energy Approach

The use of mechanical forces or processes to produce nanoemulsions is
normally divided in three categories based on used devices: a) high-pressure
homogenizers, b) ultrasounds and c) high shear stirring or high-speed devices
(Sanguansri & Augustin, 2006; Silva et al., 2012). This approach is governed by
the amount of energy applied and by the surfactant and bioactive compounds
chosen. It has been stated that the devices that are able to supply the available
energy in the shortest time and with the most homogeneous flow can produce

smaller nanoemulsions (Solans et al., 2005; Walstra, 1996).

Briefly, when a high-pressure homogenizer is used the mixture is forced to go
through a nozzle, by the very high pressures, promoting shear, impact and
cavitation forces, that leads to the formation of the nanoemulsions (Anton et al.,
2008; Lee et al., 2009; Quintanilla-Carvajal et al., 2010; Sanguansri & Augustin,
2006; Silva et al., 2012). Table 2.4 presents some examples of nanoemulsions
produced by high-energy methods. In the ultrasound technique when a mixture
of two immiscible liquids and surfactants are subject to high-intensity sound

waves, nanoemulsions are produced due to the cavitation forces, once it
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causes the formation of high-speed liquid jets responsible by the creation of the
nanoemulsions. Ultrasounds deeply depend on the power of the devices and on
the surfactants used (Anton et al., 2008; Bondy & Sollner, 1935; Maa & Hsu,
1999; Mason, 1992; Pongsawatmanit et al.,, 2006; Silva et al., 2012). High-
speed devices such as Ultra-Turrax do not provide the same efficiency of the
other two methods, being the resulting energy manly dissipated into heat (Anton
et al., 2008; Walstra, 1993). Despite the ability of these techniques to produce
nanoemulsions, there are some drawbacks. High-pressure homogenizers are
very expensive devices and depending on the molecules used it can cause
degradation the molecules (Solans et al., 2005); ultrasound devices are only
efficient for small batches (Solans et al., 2005); and high-speed devices do not
provide a good dispersion and most of the energy is dissipated in heat (Anton et
al., 2008; Walstra, 1993). Figure 2.1 represents a TEM microphotograph of
nanoemulsions produced using the high-pressure homogenization technique at
15 000 Psi, during 10 cycles, using Tween 20 at 1 % (w/w) as surfactant,

dispersed in the aqueous phase, and using corn oil as the lipid phase.

Figure 2.1 — TEM microphotograph of negatively stained nanoemulsion with uranyl 1 % wi/w.
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2.3.2 Low-Energy Approaches

Low-energy approaches are based in the physicochemical properties of the
system; nanoemulsions are obtained due to the phase transitions that takes
place during the emulsification process (Rang & Miller, 1999; Silva et al., 2012;
Solans et al., 2005; Solans & Solé, 2012). Two major groups of methods are
proposed: a) the spontaneous phenomena that is divided in the spontaneous
emulsification and in the solvent displacement, and b) the phase inversion
methods, that include phase inversion temperature and phase inversion
composition (Anton et al., 2008; Solans & Solé, 2012; Tadros et al., 2004; Us6n
et al., 2004). Briefly, spontaneous emulsification uses the rapid diffusion of
surfactant and water-soluble solvent molecules from the oily phase to the
agueous phase, when the phases are mixed to produce stable nanoemulsions
(Anton et al., 2008; Bouchemal et al., 2004; Solans et al., 2005; Solans & Solé,
2012). Nanoemulsions produced by spontaneous emulsification depends on the
interfacial tension, phase transition, surfactant structure and concentration,
surface tension and oil physical properties (Anton et al., 2008; Bouchemal et al.,
2004; Lépez-Montilla et al., 2002; Silva et al., 2012). Despite being a low energy
method has some limitations, besides the low oil content also a water-soluble
solvent is required as well as the solvent removal after the process (Bouchemal
et al., 2004; Solans et al., 2005; Solans & Solé, 2012). Solvent displacement
consists in the quick diffusion of organic solvents like acetone or ethanol from
the disperse phase to the continuous phase containing surfactant promoting the
formation of nanoemulsions with a high encapsulation efficiency (Anton et al.,
2008; Chu et al., 2007a; Quintanar-Guerrero et al., 1999; Ribeiro et al., 2008;
Silva et al., 2012; Yin et al., 2009). Nevertheless, this technique is limited to
water-soluble solvents; the use of organic solvents requires their removal under
reduced pressure by evaporation (Ribeiro et al., 2008; Silva et al., 2011b; Yin et
al., 2009). Phase inversion technique is an organic and solvent free technique,
which uses the specific capacity of surfactants, normally nonionic, to modify
their affinity to water and oil in function of temperature (phase inversion
temperature) or composition (phase inversion composition) at fixed composition
and temperature, respectively. This process involves the surfactant film

inversion, is a simple process and easy to scaled up (Anton et al., 2008; Anton
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et al., 2007a; Izquierdo et al., 2001; Izquierdo et al., 2004; Shinoda & Saito,
1968, 1969; Silva et al., 2012; Solans et al., 2005; Solans & Solé, 2012).

Table 2.4 summarizes some examples of high and low-energy approaches for
the production of nanoemulsions, the materials used, size, polydispersity index

(Pdl), scale-up possibility and process costs.

2.4 Advantages and limitations of nanoemulsions

Nanoemulsions are delivery systems able to encapsulate hydrophilic,
amphiphilic and lipophilic bioactive compounds, despite being major explored to
encapsulate lipophilic compounds, due to the oil in their composition (Berton-
Carabin et al., 2013). For instance the lipophilic compound would be
encapsulated in the oil phase, being the hydrophilic compound solubilized in the
agueous phase and linked to the polar head of the surfactant used for
hydrophilic bonding (McClements, 2005; McClements et al., 2007). Is possible
to create nanoemulsions with different rheological properties (e.g. viscous
liquids, viscoelastic liquids, viscoelastic solids, plastics, or elastic solids) by
controlling the composition and structure of the surfactant, co-surfactant and oil
physical properties, normally increasing the droplet concentration leads to
higher values of viscosity (Genovese et al.,, 2007; McClements et al., 2007).
Nanoemulsions can be used directly (solution) or as powder by the food
industry, according the final application (Desai & Jin Park, 2005; Jafari et al.,
2008; McClements et al.,, 2007; Soottitantawat et al., 2003; Vega & Roos,
2006). Despite these advantages, nanoemulsions also have some limitations,
namely: a) under environmental stresses like heating, chilling, freezing, drying
and pH nanoemulsions are prone to physical instability (McClements et al.,
2007); b) limited control over the oxidation and of the functional compounds due
to the very thin interfacial layer (McClements et al., 2007); and c) only few
surfactants can be used to form the interfacial layer surrounding the oil droplets
in the food industry, restricting the ability to create nanoemulsions with different
release characteristics (Dickinson, 2003; Drusch, 2007; McClements et al.,
2007).
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In order to overcome these limitations, a strategy has been created aiming in
the improvement of nanoemulsions properties, and consists in creating an
interfacial layer of polyelectrolyte around oil droplets and the layer of emulsifier
using a LbL electrostatic deposition technique (Guzey & McClements, 2006; Li
et al., 2010b; Li & McClements, 2014; McClements et al., 2007; McClements &
Li, 2010).

2.5 The LbL technique applied to build-up multilayers nanoemulsions

The method selected for the development of multilayer nanoemulsions is a
crucial step, since it allows achieving to different properties and performances.
Properties such as: particle size, surface area, shape, solubility, encapsulation
efficiency and the release mechanism will strongly influence the final application
of the developed systems (Cerqueira et al., 2014; Ezhilarasi et al., 2013; Rao &
Geckeler, 2011). Nanosystems designed for bioactive compounds delivery

should possess the following characteristics (Shchukina & Shchukin, 2011):

a) Enhanced solubilization: The decrease in the nanoemulsions size should
improve the bioactive compound solubility in water and stability during

the gastrointestinal tract;

b) Prolongation of gastric residence time: Higher residence times allow
better dissolution of bioactive compounds at absorption sites, improving

the absorption;
c) Controlled release of the bioactive compounds;

d) High encapsulation efficiency, absence of cytotoxicity and protection of

the bioactive compounds from degradation;

e) Bioavailability of the lipophilic bioactive compounds; enhancing the

stimulation of the intestinal lymphatic transport pathway;
f) Selective transport of the bioactive compounds;

g) Versatility to allow the delivery of both hydrophilic and lipophilic bioactive

compounds;
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h) Economically affordable when cost to benefit ratio is considered.

Nevertheless, so far nanoemulsions do not meet all the above-mentioned
requirements and are mostly monofunctional, lacking versatility and
multifunctionality (Shchukina & Shchukin, 2011). One of the most promising
techniques to accomplish additional functionalities to the nanoemulsions is
change their surface properties through the LbL electrostatic deposition
technique (Cerqueira et al.,, 2014; Cerqueira et al., 2013; Shchukina &
Shchukin, 2011).

The LbL allows obtaining multilayer nanoemulsions with well-defined chemical
and structural properties, offering a precise control over thickness and
morphology (Cui et al., 2014; Mora-Huertas et al., 2010). Offering the possibility
of tailoring different functionalities, through the encapsulation of both hydrophilic
and lipophilic bioactive compounds inside the nanoemulsions and in the shell,
offering controlled release of the encapsulated bioactive compounds
(Shchukina & Shchukin, 2011).

2.5.1 LbL electrostatic deposition technique

LbL is frequently viewed as a surface engineering technique aiming to modify
the properties of interfaces, maintaining the properties of the bulk system
(Costa et al., in press). Decher and co-workers firstly described LbL in the
1990s, where a protocol for development of ultrathin multilayer films on a solid
surface was implemented (Decher, 1997; Decher et al.,, 1992). Donath et al
(1998) and Sukhorukov et al (1998) applied the LbL technique into colloidal
templates, transferring this technique from planar films to multilayer capsules
(del Mercato et al., 2014; Donath et al., 1998; Mora-Huertas et al., 2010;
Sukhorukov et al., 1998).

Briefly, LbL technique consists in the deposition of polyelectrolytes on charged
colloidal templates due to strong electrostatic attraction between the colloidal
surface and the charged polyelectrolyte. An oppositely charged polyelectrolyte
is added to the solution, adsorbing to the colloidal template surface producing a
layer of polyelectrolyte in the colloidal template, leading to the formation of the

“first layer” by electrostatic deposition. The adsorption of the following layer is
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achieved by the simple addition of an oppositely charged polyelectrolyte,
promoting the “second layer” adsorption on top of the first layer of
polyelectrolytes. This procedure can be repeated to form multilayer
nanoemulsions coated by interfaces containing three or more layers of
polyelectrolytes. The number of layers will be defined by the final application of
these systems (Cerqueira et al., 2014; Martins et al., 2015; Mora-Huertas et al.,
2010).

However, between new layers formed around the nanoemulsions, it is
frequently necessary to assure that little or no free polyelectrolyte is present in
the solution. The presence of free polyelectrolyte will interact with the new
appositely charged polyelectrolytes off the following solution, being necessary
to remove any excess of polyelectrolyte, in order to avoid interferences with the
multilayer formation around the nanoemulsions, which would be difficult to
separate from the nanoemulsions (Guzey & McClements, 2006; Szczepanowicz
et al., in press). Due this, a number of strategies were developed in order to
overcome particles aggregation (Cui et al., 2014; Guzey & McClements, 2006;
Mora-Huertas et al., 2010).

a) Centrifugation method: In the presence of excess of polyelectrolyte (non-
adsorbed) it is necessary to centrifuge the solution in order to separate
the free polyelectrolytes from the coated nanoemulsions. Nonetheless,
this procedure requires multiple centrifugation and washing steps, being
time-consuming, labor-intensive  and  expensive.  Additionally,

centrifugation can promote particle aggregation;

b) Filtration method: The excess of free polyelectrolyte is removed from the
nanoemulsions by membrane filtration, which allows the passage of the
excess polyelectrolytes, due a pressure differential that forces the non-
adsorbed polyelectrolyte through the filter but not the nanoemulsions. In
order to avoid close proximity between nanoemulsions, a buffer solution
can be added, keeping the volume of the system constant. This method
allows a large quantity of multilayer nanoemulsions to be produce in an
automated way. Also, it is not necessary to have density differences

between nanoemulsions and polyelectrolyte solution. Nonetheless, the
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d)

appropriate selection of the filter material is crucial, in order to prevent
polyelectrolyte adsorption to the filter and to avoid filter fouling, that leads
to filter obstruction. Dialysis membranes can be used as an alternative,

however this requires long time and a large amount of buffer solutions.

Electrophoretic method: This approach allows a continuous LbL process,
since nanoemulsions remain suspend, and lowers their tendency to
agglomerate. In this method an agarose hydrogel is used to suspend the
nanoemulsions and layer deposition is achieved by electrophoresesis of
the polyelectrolytes through the agarose gel. Despite this approach
allowing a diverse size range of nanoemulsions to be multilayered, the
success of this approach relies in mobile materials in electroosmaotic flow.
Also in order to recover the multilayer nanoemulsions it is necessary to

heat and centrifuge the agarose gel;

Saturation method: In this method is possible to completely coat
nanoemulsions using precise concentrations of polyelectrolyte, without
the need of centrifugation. For each different nanoemulsion the
saturation concentration needs to be determined empirically by
monitoring changes in the Zp measurements after mixing with the
polyelectrolyte. The addition of the optimal concentration of
polyelectrolyte should be carefully added (drop by drop) in order to
prevent bridging flocculation and to avoid depletion flocculation. The
optimum concentration will usually correspond to the Zp value of the
polyelectrolyte in solution. Bridging flocculation happens if the
polyelectrolyte adsorbs to the surface of more than one particle, linking
the nanoemulsions together. Depletion flocculation will occur if the free
polyelectrolyte concentration in the continuous phase is high enough to
generates an attractive osmotic force, strong enough to overcome the
repulsive forces. The osmotic forces will remove the polyelectrolytes from
the nanoemulsions surfaces. Nevertheless, this method leads to
systematic dilution of the nanoemulsions at each step of layer

adsorption.
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As stated above usually the development of multilayer nanoemulsions is
confirmed through the measurements of the Zp, after each polyelectrolyte
adsorption, resulting in a saw like profile (Szczepanowicz et al., in press;
Szczepanowicz et al, 2010a). Alternatively, fluorescently labeled
polyelectrolytes spectroscopic or spectrofluorimetric, confocal or Fourier
transform infrared spectroscopy can be used to confirm the success of the layer
deposition through LbL electrostatic technique (Berth et al., 2002; Caruso et al.,

1998; Szczepanowicz et al., in press; Szczepanowicz et al., 2010b).

2.5.2 Factors effecting properties of layers

Factors such as pH and ionic strength significantly influence the amount of
polyelectrolytes adsorbed in each layer, due conformation variations. Also salts
are able to rearrange the conformation of the polyelectrolytes, shielding the
electrostatic repulsion within the polyelectrolytes chains (del Mercato et al.,
2014).

a) pH — One of the most essential factors responsible for the formation and
properties of multilayer nanoemulsions is the solution pH, either during
and after formation of the interface. For an appropriate LbL technique the
pH of the solution should be properly selected in order to have
sufficiently high opposite charges between the nanoemulsions surface
and the adsorbing polyelectrolyte. Therefore the order of the charge
signal at the surface of the nanoemulsions depends on the type and
concentration of molecules attached to the surface, influenced by the
solution conditions (Ai et al., 2003; Guzey & McClements, 2006;
Israelachvili, 2011). It is often observed a critical pH where adsorption
first occurs; this depends of the magnitude and sign of the charges on
the nanoemulsions surface and polyelectrolyte. It is important to refer
that, a polyelectrolyte is able to adsorb to nanoemulsions with the same
charge, under special conditions, such as the presence of oppositely
charged patches in the nanoemulsions surface (Gu et al., 2005; Guzey &
McClements, 2006). After multilayer nanoemulsions formation, small
variations in the pH may adjust the properties of the polyelectrolyte

multilayer interface that surrounds the nanoemulsions. These variations
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b)

can change the electrostatic interactions between nanoemulsions
surface and the adsorbed polyelectrolyte, between adsorbed
polyelectrolytes in different layers or even between adsorbed and non-
adsorbed polyelectrolytes. These changes in pH can modify the
thickness, packing and integrity of the new interface (Guzey &
McClements, 2006).

Salt — The presence of salt during the construction of polyelectrolyte
multilayers may affect the composition, structure and thickness of the
polyelectrolyte layers, since the ionic strength of the solution will
determine the strength of intra- and inter-molecular electrostatic
interactions (Decher et al., 1992; Guzey & McClements, 2006). An
increase in the ionic strength of the solution decreases the magnitude of
the electrostatic interactions  between  polyelectrolytes and
nanoemulsions, due the accumulation of counter-ions surrounding the
surface, being this referred as electrostatic screening (Guzey &
McClements, 2006; McClements, 2005). In the presence of salt, due to
weaker intra-molecular repulsion, the polyelectrolytes layers are often
thicker, since they have a more compact chain conformation. Increasing
the ionic strength weakens the attractive interactions between
polyelectrolyte molecules in different layers thereby causing an increase
of interfacial porosity. In the absence of salt, polyelectrolytes should form
thin layers with flat chains against the colloidal template surface. This
behavior is related with the strong intramolecular electrostatic repulsion
of the polyelectrolyte molecules which are in a highly extended

conformation (Guzey & McClements, 2006).

Polyelectrolyte characteristics — The nature of the polyelectrolytes used
has a major importance in the formation, stability and properties of the
multilayer nanoemulsions. Characteristics such as chain length, rigidity,
degree of branching and electrical charge influences the ability of
polyelectrolytes to adsorb to nanoemulsions surfaces, reflecting in
different thicknesses, structures, porosities and environmental triggers
sensitivity (Guzey & McClements, 2006). Characteristics like flexibility

and packing will depend on the relative position of the polyelectrolytes
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within the multilayer, since polyelectrolytes within inner layers are prone
to be packed and their motion is restricted by those in the outside layer
(Guzey & McClements, 2006). Environmental triggers such as pH, ionic
strength and temperature lead to changes in the electrical charge,
conformation and hydrophobicity, that influences the amount of
polyelectrolyte adsorbed to the nanoemulsions surface. Therefore, due
proper selection of polyelectrolytes is possible to create new interfaces
with different environmental responses and may lead to different
electrical characteristics of the trapped polyelectrolyte. Due their local
electrostatic environment a shift in the pK, of the ionizable groups of the
polyelectrolytes from the value of the polyelectrolyte in an aqueous
solution can occur (Guzey & McClements, 2006). Finally, the amount of
polyelectrolyte should be high enough to saturate the surface of the
nanoemulsions, reversing the charge of the nanoemulsions (or previous
layers), in order to create a strong electrostatic repulsion between the
multilayer nanoemulsions. This amount will be influenced by the
molecular characteristics of the polyelectrolyte, such as chain length,
conformation, flexibility and electrical charge (Guzey & McClements,
2006).

As explained above, multilayer nanoemulsions can be developed using the LbL
electrostatic deposition technique through sequential adsorption of oppositely
charged polyelectrolytes surrounding the surface of nanoemulsions (del
Mercato et al., 2014). The proper development of nanoemulsions and the
choice of polyelectrolytes are crucial factors for the development of multilayer
nanoemulsions with distinct properties. The nanoemulsions will determine the
size and shape, while the polyelectrolyte will determine the properties of the

multilayer nanoemulsions (Cui et al., 2014).

Adamczak and co-workers (2014) developed multilayer nanoemulsions using
the membrane emulsification method to prepare nhanoemulsions. Briefly, sodium
bis (2-ethyl hexyl) sulfosuccinate (AOT) was solubilized in squalene and then
pumped through a hydrophilic ceramic membrane into 50 ml of
poly(allyaminehydrochloride) polyelectrolytes. The multilayer nanoemulsions

formation was achieved by the LbL technique, using the saturation method
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described above. The nanoemulsions stabilized by AOT and
poly(allyaminehydrochloride) were then added to the polysodium 4 -
styrenesulfonate polyelectrolyte solution, while mixing at 300 rpm. This
procedure was repeated until the desired number of layers was created (10
layers), without an intermediate rinsing step (Adamczak et al., 2014). Adamczak
and co-workers (2014) successfully developed multilayer nanoemulsions with
120 nm of diameter using squalene nanoemulsions with 80 nm of diameter as
templates. The advantage of using nanoemulsions by membrane emulsification
consists in its higher encapsulation efficiency and due the fact that using a
membrane unit it is possible to work in a continuous mode, producing higher
volumes of multilayer nanoemulsions. Szczepanowicz and co-workers (2014)
successfully developed multilayer nanoemulsions, using an emulsion system
with silica. A fluorescent dye (coumarine-6 as lipophilic substance) was
solubilized in the oil phase (chloroform) containing dimethyloctadecyl[3-
(trimethoxysilyl) propyllammonium chloride a surface active silane that can be
utilized as emulsifier and emulsion stabilizer (Szczepanowicz et al., 2014). The
nanoemulsions were prepared by continuous mixing during one night and due
hydrolysis and condensation of dimethyloctadecyl[3-(trimethoxysilyl)
propyllammonium chloride a positively charged interface was developed,
achieving a droplet diameter of 70 nm. The multilayer nanoemulsions were then
created by sequential adsorption of polyelectrolytes using the saturation
method. Different pairs of polycation/polyanion were chosen to form the
multilayer nanocapsules. The adsorption of 5 bilayers of alginate/poly
(diallyldimethylammoniumchloride resulted in an increase of the average
diameter, from 70 to 122 nm; when 5 bilayers of poly (styre-nesulfonate)/poly
(allylamine)hydrochloride was used, the same result was achieved (122 nm);
when 5 bilayers of poly (styre-nesulfonate)/poly
(diallyldimethylammoniumchloride were used, a slighter average diameter was
achieved, 106 nm (Szczepanowicz et al.,, 2014). These authors developed
multilayer nanoemulsions with tunable thickness and permeability based in
different polyelectrolytes. Bazylinska and co-workers (2011), developed
multilayer nanoemulsions using nanoemulsion templates prepared by the
conjugation of spontaneous emulsification followed by ultrasonication, achieving

a template with less then 100 nm of diameter (Bazylinska et al., 2011).
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Nanoemulsion templates were then surrounded by LbL adsorption of poly
(sodium 4-styrenesulfonate) and poly(diallyldimethylammonium chloride) using
the saturation method, in order to develop multilayer nanoemulsions with less
than 200 nm of diameter (Bazylinska et al., 2011). In this study, the authors
verified that one bilayer delayed the compound release in four times, whereas
five bilayers caused a delay in compounds released of 285 times. The
developed multilayer nanoemulsions can provide an efficient system for the
encapsulation of lipophilic bioactive compounds while being an effective barrier
for the compound release (Bazylinska et al., 2011). This study showed that
varying the number of polyelectrolyte layers can tune the release rate of the
bioactive compounds (Bazylinska et al., 2011). Li and co-workers (2010) have
shown that is possible to prepare nanoemulsions multilayer by the LbL
technique. In their work, a globular protein (B-lactoglobulin) was used to form
the inner layer of the multilayer (1st layer), used a cationic polysaccharide
(chitosan) as an intermediate layer (2nd layer) and as an outer layer (3rd layer)
they used an anionic polysaccharide (pectin or alginate). The nanoemulsion
was unstable and droplet aggregation happens at intermediary pH values due
the low net charge. The secondary layer nanoemulsions, were stable from pH 3
to 6, however were highly unstable at higher pH values. Nanoemulsions that
had an outer layer (alginate or pectin) were unstable to droplet aggregation at
pH 3, but stable at higher pH values. Li and co-workers (2010) study states that
the addition of polysaccharides trough the LbL technique can improve the
physical stability of the nanoemulsions, as well reducing the rate of lipid
digestion by restricting the access of lipase to the emulsified triacylglycerol’s (Li
et al., 2010b). Also trough LbL technique, Madrigal-Carballo and co-workers
(2010) developed a novel delivery system for ellagic acid by deposition of
biopolymers (chitosan and dextran sulphate) onto soybean lecithin liposomes.
The study performed in this work revealed that the biopolymers’ addition there
is a better thermal and pH stability of the system, as well as better release
properties (Madrigal-Carballo et al., 2010). Preetz and co-workers (2010)
developed through LbL a nanocapsule system with a nanoemulsion as a core. It
was used as emulsifier an OSA starch and as polysaccharides chitosan and k-
carrageenan. The addition of the polysaccharides promotes a higher stiffness of

the wall with the increasing number of shell layers, this was observed using
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atomic force microscopic. A stiffer capsule might be advantageous during
storage due to the better mechanical resistance and the strong barrier.
Therefore nanocapsules developed by LbL might present a prolonged release
of the bioactive compounds in the system in contrast to nanoemulsions (Preetz
et al., 2010). Aoki and co-workers (2005) have used a three-step process based
on LbL technique to produce multilayer nanoemulsions. Nanoemulsion was
prepared using high-pressure homogenization, stabilized by sodium dodecyl
sulphate. Then, secondary layer was formed by chitosan and as a tertiary layer
pectin was used. Aoki's work shows that nanoemulsion stability could be
improved by coating the nanoemulsion droplets with two or more layers.
Nanoemulsions with a third layer had a good stability against aggregation and
creaming at high temperatures (90 °C), freeze-thaw cycles (-20 °C for
22 h/30 °C for 2 h), high salt concentrations (NaCl 500 mM) and a wide range of
pH values (pH 3 — 8). The improve stability showed by this multilayer
nanoemulsion can be attributed to the increase of the repulsive interactions
between the droplets (e.g. electrostatic and steric) and/or the increase of
resistance of the membrane against rupture (Surh et al., 2005).
Pongsawatmanit and co-workers (2006) improved the stability of a
nanoemulsion trough the adsorption of sodium alginate to the emulsifier (-
lactoglobulin). The addition of sodium alginate to the nanoemulsions improved
their stability at pH 4 and 5 against flocculation (lower creaming index) and
against environmental stresses (pH, ionic strength and temperature), possibly
because the alginate molecules adsorbed to the nanoemulsions surfaces and
increase electrostatic and steric repulsion between them (Pongsawatmanit et
al., 2006).

The formation of the multilayers on the nanoemulsions is schematically shown

in Figure 2.2.
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Figure 2.2 — Representative scheme of multilayer nanoemulsion after LbL deposition onto
nanoemulsion templates.

2.6 Advantages and limitations of multilayers nanoemulsions

A benefit of using multilayers nanoemulsions as delivery systems is that they
can be fabricated based on natural food grade components (i.e. lipids, proteins,
polysaccharides) using simple processing operations (homogenization, mixing),
with possibility of being tailored made. The physical stability to environmental
stresses can be improved by controlling the composition and properties of the
interfacial layers (Aoki et al., 2005; Costa et al., in press; Decher, 2003;
Grigoriev & Miller, 2009; Guzey & McClements, 2006). The chemical stability of
the bioactive compounds is improved controlling the thickness and charge of
the interfacial layer, which minimizes the interaction between the bioactive
compounds and transition metal ions (Klinkesorn et al., 2005; McClements &
Decker, 2000; McClements et al., 2007). LbL allows a precise control over shell
properties, such as thickness and morphology (Cui et al., 2014). Due to the
ability to control the thickness and properties of the interfacial layer by varying

the number of the adsorbed layers is possible to build delivery systems with a
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better control of the release rate (Costa et al., in press; Decher, 2003). This
delivery system can be applied to design novel functional food as well as
applied to food products (Li et al., 2010b; McClements, 2010; McClements et
al.,, 2007; McClements & Li, 2010). The multilayer structure of these
nanoemulsions enables the combination of different properties in one system,
mostly governed by the material used. These systems can be developed to be
responsive to different external stimuli and they can be loaded with bioactive

compounds of different polarities (Costa et al., in press; Cui et al., 2014).

They also can be designed to control the digestion and absorption of bioactive
compounds within the gastrointestinal tract. Can be used to control the release
of bioactive compounds at specific locations of the gastrointestinal tract (i.e.
mouth, stomach, small intestine or colon), due to the ability to trigger the
release in response of specific environmental conditions (i.e. pH and ionic
strength) (Li et al., 2010b; McClements, 2010; McClements et al., 2007;
McClements & Li, 2010).

The LbL technique offers a promising way to improve the stability of the actual
delivery systems. Nevertheless, the optimization of this technique depends on
the preparation conditions (bioactive compound concentration, pH, ionic
strength, temperature), the choice of appropriate emulsifiers and polyelectrolyte
and the combination of the two, as well the physicochemical knowledge of the
principles involved and depending the development method could require the
removal of the core template, leaving traces of solvent (Guzey & McClements,
2006; Li et al, 2010b; McClements, 2010; McClements et al., 2007;
McClements & Li, 2010; Szczepanowicz et al., in press). It implicates long
construction times, with the assembly of a single layer taking typically only few
minutes which is dependent on the nature of the polyelectrolyte used (Costa et
al., in press). The formation of stable multilayer nanoemulsions requires
meticulous control of the system construction and composition in order to avoid
droplet aggregation (Guzey & McClements, 2006). Another limitation is the fact
that LbL method is based in electrostatic interactions, and they can be disrupted
by changes in the pH and ionic strengths (McClements, 2010; McClements & Li,
2010). Despite the simple method for producing multilayer nanoemulsions,

additional processing steps are needed over the nhanoemulsions formation and
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at the present it is only possible to produce diluted multilayer nanoemulsions
(McClements et al., 2007). One strategy to overcome the dilution is adding an
evaporation step in order to concentrate the multilayers nanoemulsions;
nevertheless this additional step will increase the costs of the production.
Another strategy to overcome the dilution effect is the use of a nano spray dryer
for the construction of multilayer nanoemulsions; this possible strategy will be
able to concentrate multilayer nanoemulsions while enhancing their stability, in
a matter of seconds (Chan & Kwok, 2011; del Mercato et al., 2014; Li et al.,
2010a; Maher et al., 2014). Nevertheless, there is a limited number of
polyelectrolytes available for the use of spray dryer, since the polyelectrolytes
should be soluble in solvents used in the food industry and able to seal and hold
the bioactive compounds within the nanosystem during the process (Desai & Jin
Park, 2005; Fang & Bhandari, 2010). From a scale-up perspective, despite LbL
devices did not receive significant attention, some automated devices have
been proposed but only for the production of multilayer films, namely dipping
and sputtering machines (Costa et al., in press). Nonetheless, efforts in
developing devices able to produce multilayer nanoemulsions in an automated
way have been reported (Costa et al., in press; Kantak et al., 2011; Priest et al.,
2008).

2.7 Techniques for the identification and characterization of

nanoemulsions

Detection, identification and characterization of lipid-based nanosystems are
essential for the understanding of the benefits as well as the potential toxicity of
these systems (Luykx et al., 2008). In this section, the analytical techniques that
can be used for the identification and characterization of nanoemulsions are
described. The analytical approaches have been subdivided into three groups:
separation techniques, characterization techniques and imaging techniques.
The principles of the techniques together with their advantages and drawbacks

are reported.
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2.7.1 Separation techniques

Some analytical techniques can be used for in situ identification of
nanoemulsions, however in most cases it is not possible to detect them in the
food matrices. Therefore, separation techniques are necessary to isolate the
nanoemulsions from food prior to their characterization. This section describes

the most important separation techniques for isolation of nanoemulsions.
Chromatography

Because size and/or charge are typical characteristics of nanoemulsions, (SEC)
and/or ion exchange chromatography (IEC) are the most suitable types of liquid
chromatography for the separation of nanoemulsions from the food matrix. In
the case of SEC, compounds are separated on the basis of size; larger
molecules elute faster than smaller ones. However, the shape of the compound
could affect elution. In the case of IEC, compounds are separated on the basis
of charge; low-charged compounds elute faster than highly charged ones
(Luykx et al., 2005; Luykx et al., 2008).

High-Performance Liquid Chromatography (HPLC) is a form of liquid
chromatography to separate, analyse, and quantify compounds that are
dissolved in solution. Compounds are separated by injecting the sample mixture
(carried by mobile phase) onto a column. Depending on the type of stationary
phase, compounds can be separated based on their charge (weak/strong cation
or anion exchange chromatography), molecular mass (size exclusion
chromatography), hydrophobicity/polarity (reversed-phase HPLC, hydrophobic
interaction ~ chromatography), and  specific  characteristics (affinity
chromatography). The most common detectors for HPLC are ultraviolet-visible
(UV-Vis) light absorbance, fluorescence, electrochemical, and diffraction
detectors (Luykx et al., 2008). HPLC has been used in food analysis for
measuring numerous compounds, for example, carbohydrates, vitamins,
additives, mycotoxins, amino acids, proteins, triglycerides in fats and oils, lipids,
chiral compounds, and pigments. It is a straightforward, robust, and
reproducible technigue. Sensitive selective detectors are available for HPLC,

and their selection depends mostly on the compound to be analysed (Luykx et
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al., 2008). HPLC was also used to quantify bioactive compounds encapsulated
in the nanoemulsions, some examples are: 3-carotene (Tan & Nakajima, 2005a;
Tan & Nakajima, 2005b); (Yin et al., 2009), a-tocopherol (Cheong et al., 2008)
and thalidomide (Araujo et al., 2011).

Field Flow Fractionation

Field Flow Fractionation (FFF) is a flow-assisted technique for the separation of
analytes, from macromolecules, such as proteins (nanometer range), to
micrometer-sized particles, such as whole cells. In a one single run, very broad
ranges of molecular sizes can be separated (Luykx et al., 2008). FFF can also
separate particles due to their Stokes radius (Dulog & Schauer, 1996; Jores et
al., 2004). In this technique, smaller particles are transported faster and elute
earlier if a parabolic flow is used; if a cross flow is used with particles of the
same volume and different shape, the isometric particles will be eluted first than
the asymmetric particles (Jores et al., 2004). FFF has advantages over other
separation techniques such as higher biocompatibility, reduction of sample
carry-over, and simple sterility issues. The separation times typically range from
a few minutes up to 30 min. Despite these advantages, the FFF has the
disadvantage of being easily overloaded by higher concentrations of the
compounds. In order to overcome this, dilutions should be made. Nevertheless,
the detection of trace amounts of compounds is limited by the sensitivity of an

appropriate detector system (Luykx et al., 2008).

2.7.2 Physical characterization techniques

This section describes the techniques that are used to characterize
nanoemulsions from a physical perspective (e.g. size, size distribution, zeta

potential and crystallinity of the nanoemulsions).

Dynamic Light Scattering

Dynamic Light Scattering (DLS) also known as Photon Correlation
Spectroscopy or Quasi-Elastic Light Scattering is a technique used for rapid

determination of the size distribution profile of small particles in suspensions or
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polymers in solution. DLS measures Brownian motion and relates this to the
size of the particles through Stokes-Einstein equation. Through the illumination
of the particles with a laser and analysing the intensity fluctuations in the
scattered light, DLS allows calculating the size of the particles. DLS provides a
fast and adequate evaluation of the size of nanoemulsions and is often used to
evaluate the size distribution of nanosystems, as well their size stability through
storage (Araujo et al., 2011; Preetz et al., 2010; Silva et al., 2011a).

Zeta potential

Zp is a scientific term for electrokinetic potential in colloidal systems (Mills et al.,
1993). In colloidal chemistry literature, Zp is the potential difference between the
dispersion medium and the stationary layer of fluid attached to the dispersed
particle. A value of 30 mV (positive or negative) can be taken as the arbitrary
value that separates low-charged surfaces from highly-charged surfaces
(Preetz et al.,, 2010). Zp value can be related to the stability of colloidal
dispersions, indicating the degree of repulsion between adjacent, similarly
charged particles in dispersion. For molecules and particles that are small
enough, a high Zp will confer stability, i.e., the solution or dispersion will resist to
aggregation. When the potential is low, attraction exceeds repulsion and the
dispersion will break and flocculate. So, colloids with high Zp (negative or
positive) are electrically stabilized while colloids with low Zp tend to coagulate or
flocculate. Briefly, Zp values from 0 to £ 30 mV indicate instability, while Zp
values higher than £ 30 mV indicate stability (ASTM, 1985). The Zp of nano-
scaled particles is influenced by many factors, such as the source of particles
and the treatment with different surfactants, electrolyte concentration (ionic
strength), particle morphology and size, pH of the solution and state of
hydration (Simunkova et al., 2009). For instance, Araujo et al. (2011), Gao et al.
(2011), and Preetz et al. (2010), evaluated the Zp of nanoemulsions and
multilayer nanoemulsions: the information given by the Zp allows stating that
the nanoemulsions with highly-charged surfaces are stable and will resist to

droplet aggregation.
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Differential Scanning Calorimetry

Differential Scanning Calorimetry (DSC) is a thermo-analytical technique in
which the difference in the amount of heat required to increase the temperature
of a sample and reference is measured as a function of temperature. Both the
sample and reference are maintained at nearly the same temperature
throughout the experiment. Generally, the temperature program for a DSC
analysis is designed such that the sample holder temperature increases linearly
as a function of time. The reference sample should have a well-defined heat
capacity over the range of temperatures to be scanned (Salmah et al., 2008;
Venturini et al., 2011). DSC can be used to detect phase transitions including
the melting of crystalline regions, and to analyse the proportion of solid fat or
the proportion of ice crystals in emulsions (Thanasukarn et al., 2004).
Thanasukarn and co-workers (2004) showed that fat crystallization affects the
emulsion stability depending on the emulsifier used, showing that the thermal
decomposition follows the melting of the drug encapsulated (Thanasukarn et al.,
2004). Uson et al. (2004) have shown that DSC can be used to determine the

crystallisation temperature of a mixture of surfactants.

Fourier Transform Infrared

Fourier Transform Infrared (FTIR) spectroscopy is based in an infrared radiation
that passes through a sample where it is mostly absorbed by the sample and
some of it is transmitted. The resulting spectrum represents the molecular
absorption and transmission, creating a molecular fingerprint of the sample.
Each sample fingerprint presents its characteristic absorption peaks that
correspond to the frequencies of vibrations between the bonds of the atoms of
the material. Because each different material is a unique combination of atoms,
no two compounds produce the exact same infrared spectrum (Nicolet, 2001).
Therefore, infrared spectroscopy can result in a positive identification of
different materials. In addition, the size of the peaks in the spectrum is a direct
indication of the amount of material present in the sample. The major
advantages of FTIR are the fact that it can determine the amount of
components in a mixture, it can determine the quality or consistency of a

sample, the small time required for analyses (because all frequencies are
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measured simultaneously), the fact that it is a very sensitive method, relatively
simple to work with and internally calibration. These advantages make FTIR
measurements extremely accurate and reproducible (Nicolet, 2001). Araujo and
co-workers (2011) reported the encapsulation of thalidomide in nanoemulsions
by spontaneous emulsification, where the crystallization process was studied
through FTIR analysis of the crystals; when present in a nanoemulsion, these
crystals were found to be in a different polymorphic form than that found before
in the nanoemulsions preparation (Aradjo et al., 2011). Lawrie and co-workers
(2007) studied the interactions between alginate and chitosan in the alginate-
chitosan polyelectrolyte complexes in the form of a film trough FTIR (Lawrie et
al., 2007). Also, Silva and co-workers 2015 showed the deposition of chitosan
and alginate onto nanoemulsions, developing multilayer nanoemulsions (Silva
et al., 2015b).

Nuclear Magnetic Resonance

Nuclear Magnetic Resonance (NMR) is a powerful and complex analytical tool
that allows the study of compounds in either liquid or solid state and serves
equally in quantitative as in structural analysis. It is very efficient in gathering
structural information regarding molecular compounds. It can be used as a
complementary technique to methods of optical spectroscopy and mass
spectrometry leading to precise information concerning the structural formula,
stereochemistry, information about the preferred conformation of molecules; it
may also be used to identify the compound in study (Rouessac F. & Rouessac,
2007). The application of NMR to nanoemulsions characterization has been
only slightly exploited. Jenning et al. (2000) successfully incorporated medium
chain triglycerides oil in a matrix of a solid long chain glyceride (glyceryl
behenate) and the structure of the liquid lipids inside the matrix of solid lipid
nanoparticles was characterized through *H-NMR. Information about the
mobility, the arrangement and the environment of the oil molecules (Jenning et
al., 2000b) was obtained. Casadei et al (2006), determined the amount of
unloaded ibuprofen and the entrapment efficiency of this compound within solid

lipid particles through *H-NMR analysis (Casadei et al., 2006).
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X-Ray Diffraction

X-Ray Diffraction (XRD) techniques are a family of non-destructive analytical
techniques that reveals information about the crystallographic structure,
chemical composition and physical properties of materials. XRD is based on
observing the scattered intensity of an X-ray beam hitting a sample as a
function of incident and scattered angles, polarization and wavelength or energy
(Azaroff et al.,, 1974). XRD is mostly used for the identification of crystalline
compounds by their diffraction pattern. Nevertheless, it covers a lot of specific
uses such as: identification of single phase materials, determination of the
crystal structure, identification and structural analysis of samples, recognition of
amorphous materials in partially crystalline mixtures, determination of crystallite
size from analysis of peak broadening, determination of crystallite shape from
the study of peak symmetry and the study of thermal expansion in crystal
structures using in-situ heating stage equipment (Connolly, 2007). Mulik (2010)
showed that the diffraction pattern of curcumin is significantly different from the
diffraction pattern of solid lipid nanoparticles loaded with curcumin. The
diffraction pattern of loaded solid lipid nanoparticles indicates that curcumin is
entrapped in the lipid core of the nanoparticles, while the diffraction pattern of
the unloaded solid lipid nanopatrticle indicates that the addition of curcumin has

not changed the nature of the solid lipid nanoparticles (Mulik et al., 2010).
Small-Angle X-ray Scattering

Small-Angle X-ray Scattering (SAXS) is a technique for the study of structural
features of colloidal size particles where the elastic scattering of X-rays by a
sample that has inhomogeneities in the nanometric range, is recorded at very
low angles (typically 0.1 — 10°). This angular range can give information about:
the shape and size of macromolecules, characteristic distances of partially
ordered materials and pore sizes. SAXS is capable to give structural information
on macromolecules between 5 and 25 nm and on repeating distances in
partially ordered systems of up to 150 nm (Glatter & Kratky, 1982). Through the
scattering patterns information on the structure, shape and size of
macromolecules can be achieved. This method is non-destructive and requires

a minimum sample preparation. One of the disadvantages of SAXS data
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analysis is that only a one-dimension scattering pattern can be obtained (Luykx
et al., 2008). Jennings et al. studied the influence of the oily constituent of their
particles on the subcell parameters and long spacings of solid Compritol
nanocyrstals through SAXS, which was used to confirm the polymorphism
behavior found through DSC measurements (Jenning et al., 2000a). Also,
through SAXS, Venturini and co-workers (2011) showed that sorbitan
monostearate is interacting with the oily phase, in the core of the solid-lipid-

nanoparticle (Venturini et al., 2011).
Quartz Crystal Microbalance

Quartz Crystal Microbalance (QCM) is based on the piezoelectric effect, where
the mass is deposited onto the crystal surface, and the piezoelectric properties
of the quartz crystal change its oscillation frequency (Marx, 2003). It can detect
monolayer surface coverage by small molecules or polymer films, providing
information about the energy dissipating properties. QCM can characterize
surface film mass, thickness, viscoelasticity, hydrophobicity, roughness, energy
dissipative or viscoelastic behaviour (Marx, 2003; Pinheiro et al.,, 2011a;
Pinheiro et al., 2011b), allowing a direct observation of the adsorption process
in situ (Channasanon et al., 2007; Indest et al., 2009). Channasanon and co-
workers (2007) used QCM as a tool to follow the assembly process of chitosan-
poly(sodium styrenesulfonate) nanolaminated films by monitoring the frequency
change as a function of the number of depositions. Indest and co-workers
(2009) observed in situ the adsorption behaviour of fucoidan to a chitosan layer,
using the same process. Recently, Pinheiro and co-workers (2011) confirmed
trough QCM measurements that the alternating deposition of k-carrageenan

and chitosan resulted in the formation of a stable multilayer structure.

2.7.3 Imaging techniques

Microscopy can be used as a direct imaging technique for nanoemulsions;
nevertheless the type of microscopy used depends on the kind of matrix to be

analyzed. This technique enables information regarding the size, shape, and
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aggregation state of the nanoemulsions. Some of the imaging methods that are

used for the characterization of nanoemulsions are presented below.

Transmission Electron Microscopy

Transmission Electron Microscopy (TEM) is a technique capable of a resolution
on the order of the 0.2 nm (Luykx et al., 2008; Wang, 2000). It is widely used in
the study of materials for science/metallurgy and biological sciences; in both
cases the samples must be very thin and able to withstand the high vacuum
present inside the instrument. Nevertheless, this technique has some
drawbacks (Luykx et al., 2008; Wang, 2000). Some materials require extensive
sample preparation to produce a sample thin enough to be electron transparent,
which makes TEM analysis a relatively time-consuming process with a low
throughput of samples. The structure of the sample may be changed during the
preparation process; the field of view is relatively small and the electron beam
may damage the sample. Bouchemal and co-workers (2004) studied the
morphology and structure of the nanoemulsions using TEM; the combination of
bright field imaging at increasing magnification and of diffraction modes were
used to reveal the form and size of the emulsions and to determine the
amorphous or crystalline character of the components. They direct observation
enabled the possibility to perform selected area electron diffraction in order to
check the crystallinity of the emulsion core components (Bouchemal et al.,
2004). Chu et al. (2007) observed the microstructure and the particle-size
distribution in their nanoemulsions, concluding that [B-carotene particles
exhibited spherical morphology with a mean diameter of 20 nm, confirming the
results obtained by DLS (Chu et al., 2007b).

Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) is capable of producing high-resolution
images of a sample surface (Luykx et al., 2008; Reimer, 2000). SEM images
have a characteristic three-dimensional appearance and are useful for judging
the surface structure. Generally TEM resolution is about an order of magnitude
higher than SEM resolution; however, because the SEM image relies on

surface processes rather than transmission, it is able to image bulky samples
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and has a much greater depth of field and so can produce images that are a
good representation of the 3D structure of the sample. In particular, the
significantly large depth of field available in SEM allows a large amount of the
sample to be in focus at one time. It is also capable to produce high-resolution
images at higher magnification. The combination of higher magnification, larger
depth of field, greater resolution, and ease of sample observation makes SEM
one of the most heavily used methods in research areas today (Luykx et al.,
2008). Nevertheless, SEM is also an expensive technique and requires high
vacuum and a relatively high sample conductivity (Luykx et al., 2008). The
presence of surfactants during nanoemulsions preparation can sometimes
inhibit their characterization via SEM due to the formation of a smooth
camouflaging coating on the particle surfaces (Luykx et al., 2008). Tan and
Nakajima (2005b) observed great differences between coarse and
nanodispersed B-carotene samples through SEM. The analysis of coarse
crystalline B-carotene showed particles with irregular shapes and sizes ranging
from a few um to more than 10 ym, as opposed to the nanodispersions. SEM

particle sizes were confirmed through DLS (Tan & Nakajima, 2005b).

Atomic Force Microscopy

Atomic Force Microscopy (AFM) is a recently developed microscopy technique
(Edwards & Baeumner, 2006; Luykx et al., 2008; Ruozi et al., 2005). The high
resolution (£ 0.1 nm) achieved by AFM has been used to directly view single
atoms or molecules that have dimensions of a few nanometers. AFM relies on
the raster scanning of a nanometer-sized sharp probe over a sample that has
been immobilized onto a carefully selected surface (mica or glass), resulting in
a high-resolution three-dimensional profile of the surface under study. AFM has
the advantage of imaging almost any type of surface, including polymers,
ceramics, composites, glass, and biological samples. AFM allows biomolecules
to be imaged not only under physiological conditions but also during biological
processes. The advantage of directly observing biomolecular systems in their
native environment opens the possibility of analysing their structural and
functional properties at the submolecular level. Surface irregularities observed

by SEM are absent in AFM inspection. AFM’s disadvantages are related with
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the analysis of surfaces that are soft, sticky, or have loose particles floating, as
the tip is in direct contact with the actual surface and will run into difficulties in
those cases. Nevertheless, AFM works on most materials and has been used in
a range of applications from biology and chemistry, to electronics. AFM images
are complementary to other established techniques. AFM can be used for the
structural characterization of e.g. proteins, polysaccharides and liposomes
(Luykx et al., 2008; Moraru et al., 2003). Preetz and co-workers (2010) showed
the differences between nanoemulsions and multilayer nanoemulsions by
studying the shape, morphology and mechanical properties of the emulsion and
capsule shell through AFM, and were able to demonstrate that the shell around
an oil droplet increases their thickness with increasing amounts of

polyelectrolytes.

Confocal Laser Scanning Microscopy

Confocal laser scanning microscopy (CLSM) allows obtaining high-resolution
optical images with depth selectivity. The key feature of confocal microscopy is
the ability to acquire in-focus images from selected depths, a process known as
optical sectioning, allowing three-dimensional reconstructions of topologically
complex objects. Being this useful for surface profiling in opaque specimens. In
non-opaque specimens, is possible to see interior structures with enhanced
quality of image over simple microscopy. Confocal microscopy provides the
capacity for direct, non-invasive, serial optical sectioning of intact, thick, living
specimens with a minimum of sample preparation as well as a marginal
improvement in lateral resolution. Biological samples are often treated with
fluorescent dyes to make selected objects visible. However, the actual dye
concentrations can be low to minimize their disturbance on biological systems
(some instruments can track single fluorescent molecules) (Richert et al., 2003).
Using CSLM and fluorescent-labelled (FITC) chitosan Richert et al. (2003)
studied the diffusion ability of chitosan and showed that the chitosan-FITC
added at the outermost layer of the film diffused through the whole film up to the

substrate.
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2.8 Nanoemulsions: industrial perspectives and applications in the

food market

Nowadays, consumers in the industrialized world are demanding for novel food
products that: a) address to specific health benefits, b) have specific bioactive
compounds; c) with reduced fat content and d) ingredients that have health
sustaining properties. Based on this, researchers seek for new food-grade
nanoemulsions, able to be used as an effective delivery systems aiming the
encapsulation, protection and release bioactive compounds (McClements &
Rao, 2011). A recent report (“Food Encapsulation: A Global Strategic Business
Report,” Global Industry Analysts, Inc., San Jose, CA) on the food
encapsulation market estimated that in 2015 this market would reach to
39 billions U.S. dollars (Global et al., 2010; McClements & Rao, 2011). The
same behaviour is expected for the nanotechnology industry, once it is
expected that the overall market reach the one trillion U.S. dollars (Neethirajan
& Jayas, 2011). Commercial applications of nanoemulsions are one of the
emerging fields of nanotechnology applied to food industry. Nanoemulsions can
be applied to different types of food products; for instance the German company
Aquanova portfolio is divided into two categories: healthy functional compounds
with the NovaSol beverages solutions and natural colorants with the NovaSol
BCS (AquaNova, 2013a, 2013b). The Portuguese company Improveat,
incorporate bioactive compounds (nanoemulsions is one of the ways) in the
BioNutriCoat, a nutritional edible coating for foods (Improveat, 2014). The
American company Life Enhancement developed the NanoResveratrol, a food
supplement that increases the bioavailability of resveratrol (Life Enhancement,
2013). Another example is a fortified oil created by the Israeli company Shemen
Industries, the Canola Active Oil, an oil reinforced with phytosterol that can
inhibit the transportation of cholesterol from the digestive system into the
bloodstream (Shemen Industries, 2013). In Figure 2.3, there are some
commercial applications of nanoemulsions already in the food and beverage

market.

Despite of nanotechnology already being applied to the food industry, there is

still a major gap in the regulatory framework, and most countries are still relying
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on existing legislation to regulate nanomaterials (Gruére et al., 2011). Improving
the actual legislation framework is a crucial step to prevent consumers’
misinformation regarding nanotechnology applied to foods. Such misinformation
was the main responsible for the actual suspicions that many consumers have
towards genetically modified organisms and their use in foods; a great deal of
care is needed to prevent that from happening with nanotechnology. While
legislation is still being adapted, other actions may be taken to improve
consumers’ confidence in foods integrating nanotechnology-based ingredients,
such as the guarantee of use of food grade materials for nanosystems

production.

Another important aspect to the industry implementation is the cost, the scaling-
up of high-energy approaches is still very expensive due the pressures needed
to process high volumes. Such costs need to be reduced, either by further
technical improvements in the methods or by adoption of simpler methods for
nanoemulsion production. As a general recommendation when applied to the
food industry, nanotechnology needs to be affordable, simple to use and with
readily perceived advantages in order to be a real alternative to the standard

methodologies.
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NovaSol BCS

(AquaNova, 2013b);

* NutraLease beverages (NutraLease, 2011a);
* NovaSol beverages (AquaNova, 2013a);

* SunActive Iron beverage (High Vive, 2013).

Fortified
beverages

e Canola Active

Colour emulsion (Wild Food — Oil (Shemen
colorants Fortified oils g _
Flavors Inc, 2013) Nanoemulsions Industries,
in the food
industry
Food Food
packaging supplements
e BioNutriCoat (Improveat, 2014) * NanoResveratrol (Life Enhancement, 2013);

e Spray for Life (NanoSinergy, 2013);

«  Nutri-Nano™Co0Q-10 3.1x Softgels (Solgar, 2013);

Figure 2.3 — Commercial applications of nanoemulsions and food markets where they were

applied.

2.9 Societal challenges in food nanotechnology

Nanotechnology offers a vast number of opportunities to agri-food industry in

several aspects and within a broad number of areas. The primary production

sector could benefit of new pesticides with improved action, improved efficacy

and nutrition of animal feeds, through the use of enriched supplements, smart

sensors for animal disease diagnostics or sensors for the detection of

pathogenic in waters. Food production sector may improve the detection and

control of chemical and microbiological hazards, promoting food safety,

sanitisation of equipment; equipment’s could be optimised to reduce heat loss,

lowering energy costs. Food packaging, one of the utmost operational areas of

nanotechnology in the food industry could incorporate antimicrobials to extend

shelf life, new active/intelligent packaging could be designed to act as sensors,
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alerting for the quality or freshness of the food products, create new food
contact materials able to preserve the organoleptic properties of the food
products and to protect against microorganism growth. Also the nutritional value
of food products could be improved through the use of nanotechnology, that
would allow the incorporation of bioactive compounds, such as antioxidants,
vitamins, polyphenols, omega-3 fatty acids and more, while increasing the
bioavailability of them. Also, individual dietary and health requirements could be
prepared, allowing the consumers to safely choose the one of interest. The agri-
food companies could trigger new market opportunities, with product
differentiation leading to economical gains (Amenta et al., 2015; Handford et al.,
2014; Neethirajan & Jayas, 2011). Despite all the potential benefits that
nanotechnology could bring to the agri-food industry, some risks are associated
such as: the environment harmful effects, the concern for workers safety and
potential human health effects, like: oxidative damage, inflammation of the
gastrointestinal system, cancers and lesions of liver and kidneys due to acute

toxic responses (Dasgupta et al., 2015; Neethirajan & Jayas, 2011).

Nevertheless, due the potential benefits of nanotechnology application to the
agri-food industry, nanotechnology is considered by the European Union (EU)
as a major tool to help address key societal challenges, included in the EU
Framework Programme for Research and Innovation, the Horizon 2020. This
program targets to diminishes the gap between research and markets, while
contributing to economical sustainable growth, competitiveness of smaller
companies, promoting specialized jobs and at the same time increasing the
quality of life (Commission, 2014). In order to address this challenges, the EU
pretends to scale-up laboratory experiences to industrial scale, while
establishing the viability of these new manufacturing technologies, aiming at
developing and marketing food products nano-labelled as multifunctional,
economic and environmentally friendly. The safety of nanotechnology applied to
food products will also be analysed in terms of potential impact on health and
environment and tools for risk assessment and management will be provided
along life cycle of the agri-food products (Commission, 2014). The EU expects
to support competitiveness by accelerating market acceptance of nano-labelled

products; continuous improvements in the manufacturing processes and
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industrial productivity; promote safe approaches crafting towards regulatory
strategies, while increasing technical knowledge, with the final goal to provide
societal benefits such as enhanced health care and better-quality of life
(Commission, 2014).

Nanotechnology capability to solve societal challenges, such as food security,
nutrition, food safety and environmental protection was also recognized by the
U.S. Department of Agriculture, that funds nine research projects within the
nanotechnology area in the value of $3.8 million to support solutions to the
societal challenges (USDA, 2015).

As cited before, there is a lack of regulation on nanomaterials for food industry
applications, at a worldwide level. Due this, in the recent years FDA and EFSA
make efforts in developing guidelines in nanotechnology or nanomaterials for
food industry guidance (Costa et al., in press; Silva et al., 2015a). These
guidelines provide recommendations for both manufacturers and consumers
awareness regarding safety, effectiveness and other product attributes in a
case-by-case analysis (Costa et al., in press). EFSA states that a product
involves nanotechnology if it refers to materials with a minimum of one
dimension below or equal to 100 nm. Additionally to the nano-size, physic-
chemical parameters such as shape, solubility, surface charge and reactivity
should be considered of high importance when determining the properties and
potential biological effect of the nanostructures (EFSA, 2011; Handford et al.,
2014; Rossi et al., 2014). Size for instance, should be evaluated by a minimum
of two independent methods, being electron microscopy one of them. Also the
reactivity of the main functional groups should be taken into consideration, since
this may bind the nanostructures with biopolymers. This may lead to catalytic
activity, which could trigger unexpected reactions in the foods or body after
ingestion (EFSA, 2011). For instance FDA, claims that nanomaterials should
exhibited at least one dimension between 1 and 100 nm, exhibiting physical or
chemical properties and biological effects, due to their dimensions, even when
presents sizes higher than the nanoscale range (e.g. 1000 nm) (Amenta et al.,
2015; Costa et al., in press; Silva et al.,, 2015a). FDA developed useful
guidance for industry, regarding criteria for helping food industry to identify

potential implications that could arise from the application of nanotechnology on
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the food and feed sector. In this guidance, FDA recommends the food industry
to consult FDA during the beginning of the development process, in order to
simplify the understanding of the specific scientific and regulatory issues
involved in their nanotechnology products (Administration, 2014a; Costa et al.,
in press). Also, FDA provided information regarding with identification of
potential issues related to safety or regulatory status to food for animals, which
could contain nanostructures or involving nanotechnology (Administration,
2014b; Costa et al., in press). Despite the lack of specific regulation regarding
the use of nanotechnology in the food industry, there are clear instructions and
guidance to safely develop nanotechnological products applied in the food
industry. These documents were developed not only to provide information to
manufacturers but also to improve the awareness of the consumers to the
potential benefits, effectiveness and safety of food products developed with
nanotechnology (Administration, 2014a, b; Costa et al., in press). Recently,
some papers regarding the awareness, trust, acceptability and willingness of
consumers to pay for food products developed with nanotechnology, are being
published, that could give a bright insight on how the consumers reply to
nanotechnology in the food industry. For instance, Rooses and co-workers
analysed the trust and willingness of consumers to pay for food products
developed with nanotechnology, recurring to online surveys in Canada and
Germany. These authors also analysed the acceptance on functional food
attribute (vitamin enrichment and protection) and if the trust of the consumers
changes when consumers learn that this attribute was created using
nanotechnology (Roosen et al., 2015). This paper showed that the use of
nanotechnology in the food products is a real concern for consumers. However
it was unclear to understand if the consumers concerns were related to the lack
of information regarding nanotechnology in general or the lack of knowledge of
the uses of nanotechnology in the food industry (Roosen et al., 2015).
Additionally, these authors conclude that the use of nanotechnology is
considered “bad news”, being this results consistent in Canada and Germany
(Roosen et al., 2015). Consumers concern about the use of nanotechnology
was also expressed in studies realised in U.S. and Switzerland (Roosen et al.,
2015). Siegrist and co-workers determined the factors that can have influence

on the acceptability of nanotechnology on food products, through
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guestionnaires. In general, the participants were hesitant to buy
nanotechnological food products, either foods or food with nanotechnology
packaging. Although, nanotechnology packaging is seen as more beneficial
than nanotechnology applied directly on foods. The results of the questionnaires
suggested that social trust was a major factor that directly influenced the
benefits claimed by the products. Indeed, the heuristic affect suggested that the
affect has impact on the noticed benefits and observed risks. Where, the
perceived benefits appears to be of furthermost importance predictor for the
acceptability and willingness to buy food products manufactured with the help of
nanotechnology (Siegrist et al., 2007). In conclusion, the benefits associated to
the nanotechnology food products did not provide sufficient additional value,
able to induce consumers to buy food products developed with the standard of
nanotechnology. Zhou (2013) achieved similar conclusions, that consumers are
more willing to accept nanotechnology when they are aware of the benefits.
Given this, it would be beneficial if the food industry explored the potential
benefits that nanotechnology could enhance for the well being of consumers
(Zhou, 2013). Otherwise, Handford and co-workers, surveyed the awareness
and attitudes to agri-food organizations on Ireland regarding the application of
nanotechnology, through interviews (14 organizations) and on-line
guestionnaire (88 organizations). They found out that the knowledge of
nanotechnology applications in the food industry are low and responses were
not positive or negative. Also, the key benefits for the food industry can be safer
food product, reduced waste and increased product shelf life. As key barriers to
the full implementation of nanotechnology by the food industry were the
unknown hazards to human health and environmental impacts, consumer
approval and media framing (Handford et al., 2015). Given this, scientists,
government bodies and agri-food industry need to cooperate in order to
increase the understanding, awareness and acceptability of nanotechnology by
media and more important consumers. All the involved parts should clarify the
safety of nanotechnology food products and applications, addressing the
potential benefits associated to the consumption of food products developed
under nanotechnology, while implementing legislative framework for the

application of nanotechnology in the agri-food industry.
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Although, the lack of specific regulation, agri-food companies are already
exploring the vast opportunities that nanotechnology can offer to the different
agri-food industry sectors, from the improvement of the nutritional value of
foods, to the food packaging sector, food processing and primary production,
nanotechnology is expected to reach a overall market of almost one trillion U.S.
dollars, while food encapsulation market is believed to reach 39 billion U.S.
dollars (Global et al., 2010; Neethirajan & Jayas, 2011). The identification of the
principal commercial applications of nanotechnology already present in the agri-

food market is summarised in Table 2.5.

From the commercial applications already present in the agri-food market it is
possible to see that fortification of food products using bioactive compounds for
the improvement of the nutritional value of foods (nutrition sector) and
nanopackaging applications are rapidly growing and are considered the most
active sectors of the agri-food industry with a major impact in the

commercialized products developed through the use of nanotechnology.
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Table 2.5 — Commercial applications of nanotechnology products established in the agri-food

industry
Agri-food Nanostructure
Product Company Country References
sector type
Canoila active oil Nutrition Nanoemulsion Shemen Israel (Nanotechnolo
Industries gies, 2013)
NovaSol® Nutrition Nanoemulsion Aquanova Germany (AquaNova,
beverages 2013b)
Nutralease Nutrition Nano-sized self- Nutralease Israel (Nanotechproj
beverages assembled Ltd. ect, 2011)
structured
liquids
SunActive® Nutrition Nanoemulsions Tayo Japan (International,
International 2006)
Colors from  Nutrition Nanoemulsions  Wild USA (Wild  Flavors
Nature® Flavours Inc Inc, 2013)
NanoResveratrol® Nutrition Nanoemulsions Life USA (Life
Enhanceme Enhancement,
nt 2013)
SprayforLife® Nutrition Nanoemulsions NanoSynerg  USA (NanoSinergy,
y Worldwide 2013)
Nutri-Nano ™ Nutrition Nanoemulsions Solgar USA (Solgar, 2013)
Altrient” Nutrition Liposomes Livon USA (Laboratories)
Laboratories
Bioral™ Nutrition Bioral USA (Delivery)
Nutrient
Delivery,
LLC
BioNutriCoat Nutrition/Food Nanoemulsions Improveat Portugal (Improveat,
packaging 2014)
Fresh Box Food Silver BlueMoonGo USA (Nanotechnolo
packaging nanoparticles ods, LLC gies, 2007a)
N-Coat Food Clay Multifilm USA (Corporation)
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packaging nanoparticles Packaging
Corporation
FresherLonger™ Food Silver Sharper USA (Nanotechnolo
Miracle Food packaging nanoparticles Image gies, 2007b)
Storage
Nano Silver Baby Food Silver Baby Korea (Nanotechnolo
Mug Cup packaging nanoparticles Dream® Co., gies)
Ltd.
Imperm® Food Clay Nanocor® USA (Nanocor®)
packaging nanoparticles
Nansulate® Food Nanocomposite Industrial USA (Inc.)
processing Nanotech
Inc.
Bioni nano paint Food Silver Bioni Germany  (Bioni, 2008)
processing nanoparticles
Nano air-filter Food Silver SongSing Taiwan (Nanotechnolo
processing nanoparticles Nano gies, 2007c)
Technology
Co., Ltd.
Wifi nanosensors Primary Nanosensors Accenture USA (Handford et
production al., 2014)
Primo Maxx® Primary Nanoemulsions Syngenta Switzerla  (Handford et
production nd al., 2014)

2.10 Conclusions

Nanoemulsions constitute one of the most promising systems to improve

solubility, bioavailability and functionality of hydrophobic compounds. Food

industry seeks to use these systems for the incorporation of e.g. lipophilic

bioactive compounds in food matrices. While there are various techniques

available to produce and characterize nanoemulsions, some of them have

shown to be more suitable than others. LbL electrostatic technique is able to
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change nanoemulsions surface, conferring new properties. In short, HPLC can
be used for quantification of bioactive compounds, DLS may quickly determine
the hydrodynamic diameter of a nanoemulsion, zeta potential can indicate the
stability of the nanoemulsions and TEM may be used to confirm the
hydrodynamic diameter given by DLS technique and to have a indication of the
nanoemulsion morphology.

The application of these nanosystems to the food industry still needs to address
some challenges in terms of the preparation of these nanosystems: including
surfactants characteristics, mixing conditions, resistance to environmental
stresses, composition of these systems to overcome the different phases of the
gastrointestinal passage and the scale up for the production process. A special
attention should given to the cost-benefits analysis of manufacturing these
nanosystems. It is also crucial to improve the actual legislation framework in
order to prevent consumers’ misinformation concerning nanotechnology in the
food industry. Such misinformation can raise consumers’ suspicions about the

security of applying nanotechnology to the food products.
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CHAPTER 3

INFLUENCE OF SURFACTANT AND PROCESSING
CONDITIONS IN THE STABILITY OF OIL-IN-WATER

NANOEMULSIONS

This chapter evaluates the influence of the type of surfactant (Tween 20, SDS and
DTAB) and processing conditions (pressure, number of cycles and oil-to-water volume
ratio) on the stability of oil-in-water nanoemulsions, through the determination of

hydrodynamic diameter (Hq), polydispersity index (Pdl) and zeta potential (Zp).
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This Chapter was adapted from:

Silva, H. D., Cerqueira, M. A. & Vicente, A. A. (2015). Influence of surfactant
and processing conditions in the stability of oil-in-water nanoemulsions. Journal
of Food Engineering, 167(Part B), 89-98.
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3.1 Introduction

Driven by consumers’ demands for new and healthier food products the food
industry seeks for new methodologies able to encapsulate, protect and release
functional compounds. Based on this, researchers are focusing their efforts in
relevant issues to food and nutrition regarding the improvement of food quality,
through nanotechnology (Cerqueira et al., 2013; Silva et al., 2012).
Nanoemulsions are interesting for the food industry due to their potential
applications as delivery systems of bioactive compounds while preventing their
degradation and improving their bioavailability (Donsi et al., 2011; Guttoff et al.,
2015; Silva et al., 2012). Nanoemulsions generally consist of lipid droplets
between 10 and 200 nm dispersed in an aqueous phase, where surfactant
molecules surround each oil droplet (Acosta, 2009; Cerqueira et al., 2014).
Nanoemulsions can be produced using either low-energy or high-energy
methods. Low-energy methods mainly depend on the intrinsic physicochemical
properties of surfactants and oily phase, forming nanoemulsions by simple
mixing procedures or by changing the system conditions such as temperature
or composition (Komaiko and McClements, 2015; Silva et al., 2012; Solans and
Solé, 2012). High-energy methods make use of devices that apply high
mechanical energy inputs to disrupt and combine the oil and water phases,
forming small droplets (Abbas et al., 2013; Cerqueira et al., 2014; Komaiko and
McClements, 2015; Silva et al., 2012). High-pressure homogenization is pointed
as the most appropriate method for industrial applications, due to the facility of
operation, scalability, reproducibility, and high throughput (Cerqueira et al.,
2014; Donsi et al., 2011).

Preparing a nanoemulsion by a high-energy method implies using an oily and
an aqueous phase, a surfactant and energy (Tadros et al., 2004; Walstra,
1993). The nano emulsification process by high-pressure homogenization
comprises both the deformation and disruption of the droplets with the
subsequent increase of the surface area and at the same time the droplet
stabilization occurs by means of adsorption of the emulsifiers at the interface of
the droplets (Donsi et al., 2011; Stang et al., 2001). The difference in the
interfacial free energy between the initial and final state is by definition equal to

the increase on the surface area between the oily and aqueous phases
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multiplied by the interfacial tension (McClements, 2005). The energy necessary
to increase the interfacial area (yAA) is very high and positive (i.e. it increases
after homogenization), while the small entropy of the dispersion, and the
corresponding energy (TAS) is also positive but cannot compensate the
interfacial free energy (McClements, 2005; Schramm, 2006b; Tadros et al.,

2004) and therefore Eg. 3.1 is always positive.

AG¢ormation = YAA — TAS Eqg. 3.1

Thus nanoemulsion formation is always thermodynamically unfavourable, due
to the increase of the interfacial area after emulsification and to the energy
required to produce the droplets (McClements, 2005; Tadros et al., 2004;
Walstra, 1993). In order to break up a droplet into smaller ones, it must be
strongly deformed and this is opposed by the Laplace pressure, Ap, which is the
difference in pressure between the inside and outside of the droplet, being the

pressure greater on the inside of the droplet, given by:

Where R; and R, are the principal radii of curvature of the droplet. For a
nanoemulsion, a spherical droplet yields R; = R, = R (Schramm, 2006b; Tadros
et al., 2004; Walstra, 1993).

Ap = 2y/R Eqg. 3.3

Eq. 3.3 shows that the amount of energy needed to break the droplets
increases when smaller droplets are produced; however, when lowering the
interfacial tension Ap is reduced and therefore the amount of energy needed to
break up a droplet is reduced. Lowering the interfacial tension is one of the
roles of the surfactants; nevertheless, their most essential role is preventing the
coalescence of the newly formed droplets (Schramm, 2006b; Tadros et al.,
2004; Walstra, 1993).

Surfactants preferentially adsorbs to the interfaces, once their molecular

structures have non-polar hydrocarbon tails that favour non-polar liquids.
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Lowering the interfacial tension they will minimize the interfacial area between
the continuous and dispersed phases and keep the interfaces smooth (Mason
et al., 2006). Low molecular weight surfactants are able to decrease the
interfacial tension in a greater extension than high molecular weight surfactants.
This is mainly due differences in the orientation and configuration of the
surfactants at the interface (Sari et al., 2015). Low molecular weight surfactants
entirely adsorb and instantaneously orient themselves and the partitioning of the
entire molecule between the two phases facilitates a maximum reduction in the
interfacial tension (Sari et al., 2015). Also, a significant excess of surfactant in
the continuous phase is needed this enables the new surface area of droplets to
be quickly coated during emulsification, inhibiting disruption induced
coalescence. This generally forms surfactant micelles that dissociate into
monomers that rapidly adsorbs to the surface of the droplets (Mason et al.,
2006; Rao and McClements, 2012). After adsorption of the surfactant to the
surface of a droplet, surfactants most provide repulsive forces strong enough to
prevent droplets aggregation. lonic surfactants provide a great stability due
electrostatic repulsions between droplets. Non-ionic surfactants provide stability
due short-range repulsive forces, such as steric overlap, hydration, thermal
fluctuation interactions, that prevents droplets from getting to close. Briefly, a
surfactant must have three characteristics to be effective, first, rapidly
adsorption to the surface of the new droplets; second, drastically reduce the
interfacial tension and third form a membrane that prevents droplets from
aggregating (McClements, 2002).

One of the aims of this work was to study the effects of different charge
surfactants, an anionic surfactant, Sodium Dodecyl Sulphate (SDS); a cationic
surfactant, dodecyltrimethylammonium bromide (DTAB) and a non-ionic
surfactant, Tween 20. The effect of the process conditions i.e., pressure,
number of cycles, surfactant concentrations and oil content in the mean
hydrodynamic diameter (Hg), polydispersity index (Pdl), zeta potential (Zp) and
the stability of the nanoemulsion were also evaluated. Furthermore, the
theoretical minimum mean droplet diameter, creaming, the specific surface area
and the energy dispended to produce the nanoemulsions were evaluated.

The surfactants used in this study were applied as model surfactants based on

their different charge. Despite, they are commonly used in biotechnology and
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cosmetics industry, for EFSA, SDS and DTAB cannot be applied in foods, while
Tween 20 is consider a food additive (EFSA, 2010). Nevertheless, considering
FDA regulation SDS can be applied in food products as surfactant in fruit juice
drinks under 25 ppm and in coatings on fresh citrus fruit (FDA, 2014a, b).
Regarding DTAB, it can be used as an indirect food additives: adjuvants,

production aids and sanitizers in contact with food products (FDA, 2014c).

3.2 Materials and Methods

3.2.1 Materials

Neobee 1053 medium chain triglycerides (MCTSs) is caprylic/capric triglyceride
oil with a fatty acid distribution of 55 % of C8:0 and 44 % of C10:0 was kindly
provided by Stepan (The Netherlands) and was used without further purification.
Tween 20 and SDS were purchased from Sigma-Aldrich (St Louis, MO, USA)
and DTAB was acquired from Acros Organics (Geel, Belgium). Milli-Q water
(Milli-Q apparatus, Millipore Corp., Bedford, MA, USA) was used to prepare all

solutions.

3.2.2 Experimental Procedures

3.2.2.1. Preparation of non-ionic, cationic and anionic nanoemulsions by high-
pressure homogenization

Oil-in-water (O/W) emulsions were prepared according to (Pinheiro et al., 2013)
with some modifications. Briefly, the nanoemulsions were pre-mixed during 2
min at 5000 rpm using an Ultra-Turrax homogenizer (T 25, Ika-Werke,
Germany) followed by passage through a high-pressure homogenizer (Nano
DeBEE, BEE International, USA) according to the fractional factorial design
(Table 3.1). To assess the effect of operational conditions on emulsion stability
at the nanoscale, samples were evaluated during a 28, 35 and 365 days of
storage. The stability at day 365 was only performed for the nanoemulsions with
the best stability results at day 35. The produced emulsions were stored at 4 °C

in the absence of light, during the evaluation period.
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3.2.2.2 Kinetic stability studies

Kinetic stability studies were performed through centrifugation, heating-cooling
cycle and thermal stress as followed:

Centrifugation: formulations were centrifuged at 5000 g for 30 min. Those
formulations that did not show any phase separation were taken for the heating-
cooling cycle test.

Heating-cooling cycle: formulations were subjected to six cycles between 4 °C
and 45 °C with a storage time higher than 48 h at each temperature. Those
formulations, which were stable at these temperatures cycles, were further
taken for size measurements (Shafiq et al., 2007).

Thermal stress: The influence of temperature on nanoemulsions stability was
examined through DLS technique, by measuring the Hy of the nanoemulsions.
Briefly, 1 mL of the formulations were submitted to a range of temperatures
from 20 to 80 °C, with increasing intervals of 10 °C, during 10 min at each
condition (Morais Diane and Burgess, 2014). The temperature was adjusted
using a Nano ZS-90 equipment (Zetasizer Nano ZS-90, Malvern Instruments,
Worcestershire, UK). The data was reported as the Hgy, average * standard

deviation of three values obtained.

3.2.2.3 Nanoemulsion size measurements

The patrticle size distribution and Pdl of nanoemulsions were determined using
DLS (Zetasizer Nano ZS-90, Malvern Instruments, Worcestershire, UK). The
nanoemulsion samples were diluted 10x in distilled water at ambient
temperature. The data was reported as the mean droplet diameter
(hydrodynamic diameter, Hg). Pdl is a dimensionless and indicates the
heterogeneity (monodisperse or polydisperse) of sizes of particles in a mixture
(Malvern, 2011). Each sample was analysed in a disposable polystyrene cell
(DTS0012, Malvern Instruments). The measurements were performed in
duplicate, with three readings for each of them. The results are given as the
average + standard deviation of the six values obtained (Rao and McClements,
2013; Silva et al., 2011).
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3.2.2.4. Nanoemulsion charge measurements

The droplet charge (Zp) of the nanoemulsions was determined using a particle
micro-electrophoresis instrument (Zetasizer Nano ZS-90, Malvern Instruments,
Worcestershire, UK). Samples were diluted 100x in distilled water prior to
measurements in order to avoid multiple scattering effects at ambient
temperature and placing the diluted emulsions into disposable capillary cells
(DTS 1060, Malvern Instruments) (Ozturk et al., 2014; Rao and McClements,
2013).

3.2.2.5 Nanoemulsion creaming rate

Ten grams of nanoemulsion were transferred into a 15 mL conical centrifuge
tube (Falcon™, Fisher Scientific), tightly sealed with a plastic cap, and then
stored at 4 °C) for approximately 24 h, 1 month, 3 months and 1 year. After
storage, several emulsions separated into an opaque layer at the top, a turbid
layer in the middle, and a transparent layer at the bottom. The “serum layer”
was defined to be the sum of the turbid and transparent layers. The total height
of the emulsion (HE) and the height of the serum layer (HS) were measured

using a ruler (Li et al., 2010).

3.2.2.6 Microscopy

The morphology of nanoemulsions was evaluated by transmission electron
microscopy (TEM) (EM 902A, ZEISS, Germany) operating at 80 kV. TEM
samples were prepared by depositing the nanoemulsion suspensions on a
carbon-coated copper grid, and negatively stained with 1 % (w/v) uranyl acetate

for observation. Samples were air-dried before analyses.

3.2.2.7 Nanoemulsions viscosity measurements

Viscosity measurements of the nanoemulsion samples were conducted using a
dynamic shear rheometer (TA Instruments, New Castle, DE) with a shear rate
profile from 0.1 to 1000 s. All the measurements were performed at 25 °C. The

values of these measurements were applied to equations 3.7 and 3.8.
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3.2.2.8 Nanoemulsions density measurements
Density measurements of the nanoemulsion samples were conducted using a
density-meter Densito 30PX (Mettler-Toledo, Inc., Columbus, OH) at 25 °C. The

values of these measurements were applied to equations 3.6, 3.7 and 3.8.

3.2.2.9 Nanoemulsions interfacial tension measurements

The interfacial tension of the nanoemulsions solution was measured by the
pendant drop method using the Laplace—Young approximation, (Song and
Springer, 1996), with a face contact angle meter (OCA 20, Dataphysics,
Germany). The samples of the coatings were taken with a 500 uL syringe
(Hamilton, Switzerland), with a needle of 0.75 mm of diameter. Three replicates
were performed at 20 °C. The values of these measurements were used in

equations 3.1, 3.2 and 3.3.

3.2.3 Statistical procedures

3.2.3.1 Experimental Design

A multifactor model (2* fractional factorial design) was used to evaluate the
independent variables (see Table 3.1): homogenization pressure (10000 to
20000 Psi), surfactant concentration (0.5 % to 1.5 % w/w), ratio between oily
and water phase (O/W ratio) (5 % to 15 % v/v) and cycles between each
homogenization (10 to 30) and evaluate the main effects and interaction effects
of these formulations on the Hgy, Pdl and Zp. A total of 11 experiments for each
surfactant were conducted with 3 centre points (in order to allow the estimation

of pure error).

3.2.3.2 Data Analyses

Data analyses were performed using Microsoft Windows Excel 2011, using the
Tukey's Multiple Comparison Test with a confidence interval of 95 % in
GraphPad Prism 5 (GraphPad Software, Inc.) and using ANOVA in
STATISTICA 7.0 (Statsoft, Tulsa, OK, USA).
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Table 3.1 — Independent variables used in the 2* fractional factorial design: Pressure of
homogenization (expressed in terms of Psi), number of cycles between each homogenization,
surfactant concentration (expressed in % wt) and oil to water (O/W) volume ratio (expressed in
% vol)

Sample Pressure (Psi*1000) Cycles Surfactant O/W ratio (% vol)
1 10 10 0.5 5
2 20 10 0.5 15
3 10 30 0.5 15
4 20 30 0.5 5
5 10 10 15 15
6 20 10 15 5
7 10 30 15 5
8 20 30 15 15
9 15 20 1 10
10 15 20 1 10
11 15 20 1 10

3.3 Results and Discussion

3.3.1 Effect of process conditions on nanoemulsions

The combination of surfactant and a high-energy homogenization process
(using an Ultra-Turrax as a premix step followed by a high-pressure
homogenization process) allowed the formation of nanoemulsions with different
characteristics. For an initial screening, the Hgy, Pdl and Zp of nanoemulsions
are the most studied parameters, once they give accurate information about the
formed nanoemulsions and their stability (Cheong et al.,, 2008; Sood et al.,
2014; Tan and Nakajima, 2005).

Table 3.2 shows the values of Hy for the nanoemulsions produced with
Tween 20, SDS and DTAB. Values ranged between 171 to 341 nm for
nanoemulsions produced with Tween 20; between 126 to 177 nm when
produced with SDS and between 135 to 198 nm for DTAB. TEM confirmed the

development of these nanoemulsions and validated the mean droplet diameters
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achieved. As example Figure 3.1 presents a TEM microphotograph of the
anionic (figure 3.1a), cationic (figure 3.1b) and non-ionic (figure 3.1c)
nanoemulsions produced using the high-pressure homogenization technique at
1 % wt of surfactant, dispersed in the agueous phase, and MCTs oil as the
organic phase at 15 000 Psi, during 20 cycles. Also, TEM was performed to
observe the morphology of the different charge nanoemulsions. In Figure 3.1a it
is possible to see oil-droplet aggregations due dehydration conditions after the

use of uranyl and sample preparation.

Figure 3.1 — TEM microphotograph of negatively stained nanoemulsions with uranyl 1 % wi/w.

a) anionic nanoemulsion; b) cationic nanoemulsion and ¢) non-ionic hanoemulsion.

In order to study the most influent factors on the dependent parameters (Hg, PdlI
and Zp) a multifactor model 2* was used, being the results analysed using
ANOVA, which identifies the significant factors that affect the responses
(Table 3.3). Results show that Hg is significantly influenced (p<0.05) by the
homogenization pressure when SDS is used as surfactant; nevertheless, when
DTAB was used as surfactants for the nanoemulsion production, Hq is

significantly influenced (p<0.05) by homogenization pressure, surfactant
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concentration and O/W ratio. In the case of nanoemulsions produced with
Tween 20, Hq is significantly influenced (p<0.05) by homogenization pressure,
the interaction between the homogenization pressure and the O/W ratio, by the
surfactant concentration and the number of cycles. The nanoemulsions
produced with SDS achieved the smallest value of Hg, followed by the
nanoemulsions produced with DTAB and Tween 20, respectively. The
differences in Hq values for the three surfactants used can be attributed to the
molecular weight (M,,) of the surfactants (SDS < DTAB < Tween 20). In general
small molecule surfactants can lead, under similar processing conditions, to
smaller Hq values, which has been attributed to differences in adsorption rates
(faster adsorption rates result in smaller sizes) and in interfacial properties
(such as thickness, charge, permeability, and environmental responsiveness)
(Donsi et al., 2011; McClements, 2010; Qian and McClements, 2011). Also,
lowering the interfacial tension through the use of surfactants may facilitate
droplet deformation and disruption (Brosel and Schubert, 1999).

As shown in Table 3.2 the mean Hyq of nanoemulsions decreases with the
increase of homogenization pressure and number of cycles. This behaviour is
explained by the high intensity of shear forces produced during the
homogenization process (Tan and Nakajima 2005). Also, increasing the
homogenization pressure and the number of cycles will lead to a higher specific
energy, Ev (Eg. 3.4), delivered to the emulsion by the high-pressure
homogenizer, which is the mechanical energy input per unit of volume of the
chamber where the droplets are disrupted. Ev can be calculated by the
homogenization pressure (AP) times the number of cycles (n) (Donsi et al.,
2011; Stang et al., 2001). This indicates that further increases of the dispersion
energy levels lead to even smaller nanoemulsions (Donsi et al., 2011; Silva et
al., 2011).

E, = AP xn Eq. 3.4

Tables 3.2 and 3.3 present the Hgy, Pdl and Zp values of the produced
nanoemulsions and showed that the increase of surfactant concentrations leads
to lower values of Hy. This is due to the fact that more surfactant is present to

cover any new droplet surfaces formed during homogenization and because the
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droplet surfaces will be covered more quickly by the surfactants (Qian and
McClements, 2011). Also, higher surfactant concentrations increase the
interfacial area, while reducing the interfacial tension, leading to lower droplet
sizes (Anton et al., 2007; Esquena et al., 2003; Liu et al., 2006).
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Table 3.2 shows PdI values obtained for nanoemulsions, which ranges from
0.164 to 0.242, 0.119 to 0.179 and 0.146 to 0.202 for Tween 20, SDS and
DTAB, respectively. The efficiency of droplet disruption increased for higher
specific energy (i.e. homogenization pressure times the number of cycles), at
the most severe conditions the smallest mean droplet diameter was achieved,
nevertheless for the Pdl this did not happen. This is due the fact that Pdl may
also be depend on emulsifier surface and dynamic properties (Donsi et al.,
2011). Donsi et al. (2011) also verified that Pdl was mainly affected by the
kinetics of surface adsorption of the emulsifier.

ANOVA results (Table 3) show that the homogenization pressure significantly
influenced (p<0.05) the Pdl values of nanoemulsions produced with the different
surfactants (SDS, DTAB and Tween 20). For the nanoemulsions produced with
Tween 20 the interaction between pressure and O/W ratio and the interaction
between pressure and the number of cycles also significantly influenced
(p<0.05) PdI values. Regarding the nanoemulsions produced with DTAB, the
interaction between pressure and O/W ratio and the interaction between
pressure and the number of cycles also significantly influenced (p<0.05) Pdl, as
also did the number of cycles (p<0.05).

The influence of processing conditions on Zp was also evaluated, being of
extremely importance due to the different charges of the surfactants used. Zp
values ranged from -15 to -30 mV for nanoemulsions produced with Tween 20,
a non-ionic surfactant. The high values of Zp obtained for the nanoemulsions
produced with Tween 20 may be explained by the composition of the MCTs oil
(free fatty acids and salts) and by the presence of MCTs oil at the interface of
the surfactant, even at equilibrium, there is a continuous exchange of molecules
between the interior of the droplets, the continuous phase and the interface, that
will occur at a rate dependent of the mass transport of the molecules through
the system (McClements, 2005). For nanoemulsions produced with SDS, an
anionic surfactant, Zp values ranged between -66 mV to -84 mV. The Zp of the
nanoemulsion has a negative value due to the presence of head sulphate
groups of SDS molecules (Jadhav et al., 2015). Nanoemulsions produced with
DTAB (cationic surfactant) displayed Zp values ranging from 43 mV to 76 mV.
ANOVA results showed that the process parameters did not significantly

influenced Zp for all the developed nanoemulsions (Table 3.3). These electrical
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charges were expected as Tween 20, SDS and DTAB are non-ionic, anionic

and cationic emulsifiers, respectively (Pinheiro et al., 2013).

Table 3.3 — ANOVA results for dependent parameters estimation

Independent p-value p-value p-value
variable SDS Tween DTAB
Pressure 0.047301 0.014975  0.028920

Pressure by O/W
- 0.002528 -
ratio
Hg Surfactant
- 0.014530  0.004790
concentration

Cycles - 0.024731 -
Ratio - - 0.013720
Pressure 0.048942 0.013272  0.030854

Pressure by O/W
- 0.040542  0.010941

Pdl ratio
Pressure by cycles - 0.011017  0.022267
Cycles - - 0.009264
Pressure 0.041880 - -
Zp
Pressure by cycles - 0.049921 -

3.3.2 Kinetic stability of nanoemulsions during storage

It is important to distinguish thermodynamic stability from kinetic stability; while
thermodynamics will tell if a process will or not occur (no matter the time to
complete it), kinetics will give information about the rate (what time scale) and
the degree of change, if it occurs. Kinetic stability tests were carried out to
eliminate any unstable formulation, due to creaming or sedimentation. Tests
were performed in terms of centrifugation and through heating and cooling
cycles. Only those formulations that were found to be stable were selected for

evaluation of Hy, Pdl and Zp during storage (Table 3.4).
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3.3.2.1 Size distribution

Regarding centrifugation tests, all produced formulations (using all type of
surfactants) showed no macroscopic instability phenomena (i.e. creaming or
phase separation), and the sizes remained unchanged after centrifugation (data
not shown), due to this all the formulations were subjected to the heating-
cooling cycles. Once more the produced nanoemulsions showed no
macroscopic instability phenomena (i.e. creaming or phase separation) and the
sizes remained unchanged (data not shown) after the heating-cooling cycles’
tests. Therefore, all formulations were evaluated by means of size stability
during 28 days of storage, in order to evaluate the influence of the process
conditions in the Hqy during storage.

Table 3.4 shows the values of Hgy, Pdl and Zp of nanoemulsions after 28 days of
storage. In general, it can be observed that these parameters remain
unchanged after 28 days of storage. For the nanoemulsions produced with the
anionic surfactant, SDS, only sample 5 shows an increase of 13 nm in size.
Donsi et al. (2011) showed that SDS as a significantly short characteristic time
for adsorbing to the oil-in-water interface, when compared to surfactants like
polysorbates (e.g. Tween 20) (Donsi et al.,, 2011). Fast adsorption kinetics of
the surfactant to the interface can significantly reduce the re-coalescence
phenomena. This conjugated with the lower oil-in-water interfacial tension lead
to stable nanoemulsions with size values ranged between 130 and 165 nm,
depending on the processing conditions (Donsi et al., 2011).

The same behaviour was observed for nanoemulsions produced with DTAB
(cationic surfactant), where the size values remained unchangeable during
storage time. Li and McClements (2011) prepared stable nanoemulsions using
DTAB, achieving size values of approximately 187 nm, indicating that these
nanoemulsions were not susceptible to droplet aggregation; those authors also
claim that the presence of DTAB in low concentrations increased the rate and
extent the lipid digestion. One possible explanation is the fact that this
surfactant may facilitate the adsorption of lipase to the nanoemulsion surface
due to electrostatic attraction (Li and McClements, 2011). For nanoemulsions
produced with the non-ionic surfactant, Tween 20, an increase in the size
values of samples 1, 3, 4, 5 and 7 after storage was observed. This increase

could be explained by the breakdown process of the emulsions, namely the
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creaming effect, where the larger droplets move faster to the top of the
container, due the fact that when the gravitational forces exceed the thermal
motion of the droplets (Brownian motion) a concentration gradient is built up
(Tadros, 2013). Silva et al. (2011) also found a similar behaviour for
nanoemulsions produced with Tween 20. They showed that the samples with
lower size values had a greater tendency to aggregate, since they were more
susceptible to Brownian motion, which leads to a superior chance of collision,
allowing aggregation to become a dominant mechanism for emulsion instability
(Silva et al., 2011). The larger droplets produced when Tween 20 is used as
surfactant can lead to lower nanoemulsion stability as measured in terms of
particle size. These larger droplets result in lower specific surface areas, being
more susceptible to surface area fluctuations, increasing creaming and

coalescence phenomena (Tadros, 2013).

3.3.3 Selection of the most suitable process conditions

The results showed that for anionic nanoemulsions the smallest sizes were
achieved using the highest pressure and highest number of cycles tested,
20000 Psi and 30 cycles of homogenization (Table 3.2). In fact, a higher
homogenization pressure and number of cycles increase the specific energy
delivered by the high-pressure homogenizer, which is responsible for increasing
the disruption rates that, in the presence of enough surfactant, will lead to
smaller sizes (Donsi et al., 2011). Nevertheless, performing a one-way ANOVA
to the obtained size values it was possible to verify that there were no
statistically significant differences between the results achieved with 15000 and
20000 Psi and between 20 and 30 cycles (p=0.2269). Being so, it can be
concluded that 15000 Psi and 20 cycles are the most suitable process
conditions to carry on the study of creaming during long-term storage. The
surfactant concentration and the oil content did not show statistically significant
differences in terms of Hg.

For the cationic nanoemulsions the most influent parameters were surfactant
concentration (p=0.0048), followed by ratio between oily and agqueous phases
(p=0.014) and pressure (p=0.0289). The increase of surfactant concentration
leads to the formation of smaller nanoemulsions, once surfactant adsorption to

the interface may lower the interfacial tension, resulting in a higher mechanical
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resistance to rupture (McClements, 2005). Low oil content leads to the
decrease of droplet size; this can be explained by the influence of oil in
nanoemulsions viscosity (i.e. low oil content leads to lower viscosity values).
Higher viscosities induce a flow resistance in the chamber of the high-pressure
homogenizer diminishing the rate and efficiency of droplet disruption, leading to
higher mean droplet sizes (McClements, 2005; Troncoso et al., 2012). For the
nanoemulsions produced with non-ionic surfactant the significant parameters
were the combination of pressure with oil content (p=0.0025), the surfactant
concentration (p=0.0145), pressure (p=0.0150) and the number of cycles
(p=0.0247). Here the increase in oil content lead to smaller Hy values, contrary
to the usual assumption that the increase of the oil content increases Hy values
due to the influence of oil in the viscosity (McClements, 2005; Troncoso et al.,
2012). An increase in oil content results in the increase of the concentration of
droplets (i.e. increase of the dispersed phase volume fraction) in an emulsion,
which leads to higher frequency of droplet collisions and hence coalescence
during emulsification. Also, the viscosity of the emulsion increases, which may
change the flow from turbulent to laminar. The presence of more particles
results in an increase of the velocity gradient. In turbulent flow, the increase of
oil content can induce turbulence depression leading to larger droplet sizes. If
the ratio between the surfactant and the continuous phase is constant, an
increase in oil content results in a decrease of the surfactant concentration,
resulting in larger droplets. Nevertheless, if the ratio between the surfactant
concentration and the disperse phase is kept constant, then this is reversed, so
at this point it is impossible to draw any conclusions regarding the mechanisms
that may come into play (McClements, 2005; Schramm, 2006a; Tadros, 2013).

The selection of the most suitable process conditions for the three surfactants
was rather difficult since for each surfactant different process parameters had
different responses. However, due to the need to select one formulation for
further study the central point formulation was selected (15000 Psi, 20 cycles,
1 % wt of surfactant and an oil content of 10% wt). The pressure of 20000 Psi
and the 30 cycles of homogenization were not considered, due to the
overheating that these conditions induced to the nanoemulsion solution, that
could be harmful for bioactive compounds that could be encapsulated and that

are heat sensitive. Also, increasing the pressure and the number of cycles
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increases the energy consumption, which can increase the price of producing
nanoemulsions. An oily/aqueous phase volume ratio of 10 % wt was used
according to Silva et al. (2011) and Tan and Nakajima (2005). Tan and
Nakajima (2005) studied the influence of phase ratios (1:9 and 2:8); as the oll
content increases, the available surfactant decreases, reducing the number of
molecules able to stabilize the formed droplets, thus favouring coalescence and
resulting in higher mean droplet diameters. In addition, higher viscosity of the
oily phase leads to a less favourable mixing efficiency (Tan and Nakajima,
2005).

3.3.4. Kinetic stability for the selected conditions

Kinetic stability tests are useful not only to provide information about the short-
term stability of nanoemulsions, but also for predicting the long-term stability.
The input of high temperature and centrifugal forces increases Brownian motion
and allows the dispersed droplets to approach one another (McClements, 2005;
Morais Diane and Burgess, 2014; Schramm, 2006b). Information such as the
rate at which the properties of a nanoemulsion change with time (i.e. time
dependence) is highly important for food industry (McClements, 2005;
Schramm, 2006b; Walstra, 1993). The selected nanoemulsion formulations
were studied in terms of centrifugation, heating-cooling cycles, creaming and
size stability during storage (35 days) at 4 °C. Creaming and size stability during
storage were also evaluated after one year of storage at 4 °C, in the absence of
light.

Nanoemulsions produced with anionic, cationic and non-ionic surfactants
showed no macroscopic sign of instability phenomena (i.e. creaming or phase
separation) after centrifugation. The results showed that the nanoemulsions
produced with the anionic, cationic and non-ionic surfactants maintained their
mean droplet size and hence were stable even under a centrifugal stress of
5000 g (Table 3.5). Results showed that these nanoemulsions under centrifugal
tests did not present statistically significant (p>0.05) differences in the values of
Hq when compared to those maintained at 4 °C (see Table 3.5). Similar results

were obtained following the heating-cooling tests (Table 3.5).
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For the same process and formulation conditions nanoemulsions produced with
SDS achieved lower sizes (i.e. Hyg) compared to the cationic or non-ionic
surfactant nanoemulsions (Figure 3.2). The differences in Hy values for the
different surfactants can be attributed to the M, of the surfactants (SDS < DTAB
< Tween 20). In general small molecule surfactants can lead, under similar
processing conditions, to smaller Hq values (Donsi et al.,, 2011; Qian and
McClements, 2011). Within the homogenizer chambers small molecule
surfactants are able to quickly adsorb to the newly formed droplets surface
(Qian and McClements, 2011; Troncoso et al., 2012).

400 0.5
350
I 0.4
300 1 T —+—SDS Hd
T I
250 I\— -1__._ — \i'/I 03 —#—DTAB Hd
_ ‘][ ]‘ " _ —#—Tween 20 Hd
©
E_ 200 T T &  -x= DS Pdl
= -
T 50 r"/?\i — % 0.2 DTAB Pd
Sl T . B i Tween 20 Pdl
100 ¥
0.1
50
0 0
0 7 14 21 28 35

Time (days)

Figure 3.2 — Hydrodynamic diameter (Hg) and polydispersity index (Pdl) during 35 days of
storage. Bars indicate standard deviation (n = 3). Lines are for readers’ guidance and do not

represent a model prediction.

The theoretical minimum radius (Rmin) of the produced nanoemulsions through

high-pressure homogenization was calculated using Eq. 3.5.

Rpin = B* T xd)/(cs * (1 — ¢)) Eqg. 3.5

Here, I" is the surface load of the surfactant at saturation (kg m?), ¢ is the

disperse phase volume (dimensionless), and C’s is the concentration of
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surfactant at the continuous phase (kg m™) (Troncoso et al., 2012). The surface
load of SDS, DTAB and Tween 20 were assumed as 1, 1 and 1.5 mg m?,
respectively (Berton-Carabin et al., 2014). The minimum theoretical droplet
diameter achieved was 67 nm for the anionic and cationic nanoemulsions and
100 nm for the non-ionic nanoemulsion. The experimental mean droplet
diameter obtained in our study was 137 nm for the anionic nanoemulsion,
152 nm for the cationic nanoemulsion and 223 nm for the non-ionic
nanoemulsion. These results are far from the theoretical ones, which suggests
that there was not enough surfactant initially present to cover all droplets, or the
homogenizer was incapable of generating enough disruptive forces for the
process conditions used (Qian and McClements, 2011; Troncoso et al., 2012).
The oil viscosity has an important role in the mean droplet sizes. Troncoso and
co-workers (2012) showed that for more viscous oily phases the high-pressure
homogenizer used to prepare the nanoemulsions was incapable of generating
sufficiently intensive disruptive forces, while reducing the viscosity of the oil lead
to similar results between the experimental work and the theoretical data
(Troncoso et al., 2012).

Also the ability to lower oil:water interfacial tension and the faster kinetics of
adsorption at the oil:water interface can explain the differences in the mean
droplet size (Donsi et al., 2011). A decrease in interfacial tension, while leading
to lower droplet sizes, also increases the surface area of nanoemulsions. The
properties of colloidal systems’ surface are very important and lead to unique
physical properties (Schramm, 2006a, b, c). The specific surface area of
nanoemulsions, considering n spheres of density p and radius R was

determined (Eq. 3.6) for the selected conditions (Schramm, 2006a).

Asp = 3/pR Eq. 3.6

The combination of high-pressure homogenization with the intrinsic properties
of the anionic surfactant lead to a specific surface area of 44.3 m? g™ of oil
promoting, promoting an increase of ca. 37 000 times of the surface area which
was of 0.0012 m? g of oil before the high-pressure homogenization process.
Higher specific surface areas (smaller droplets) are less susceptible to surface

fluctuations and hence creaming and coalescence are reduced, explaining the
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high stability of nanoemulsions (Tadros, 2013). As expected, due to the higher
droplet sizes, cationic and non-ionic surfactants nanoemulsions had lower
specific surface areas. The cationic nanoemulsion had 1.1 times less surface
area when compared to the anionic nanoemulsion, achieving a specific surface
area of 39.7 m? g* of oil. Non-ionic nanoemulsion had 1.9 times less surface
area when compared to the anionic nanoemulsion, achieving a specific surface
area of 22.6 m? g* of oil.

Consumers expect homogenous products, without the undesirable separation of
emulsion into oily (opaque and rich in droplets) and aqueous phases (less
opaque and without droplets). In order to evaluate emulsion homogeneity,
creaming was determined after 1 year of storage at 4 °C. Using Stokes equation
(Eq. 3.7), where the terminal settling velocity (dx/dt) is proportional to gravity (g)
and the square of particle size (a), and inversely proportional to the fluid
viscosity (n), it is possible to predict the rate of creaming once it is proportional

to the settling velocity.

(dx/dt) = (2a*(p; — p1)g)/(9n) Eq. 3.7

Stokes law assumes that emulsions are uncharged and spherical; nevertheless,
since the droplets will interact in the case of charged nanoemulsions stabilized
with surfactants or polymers (opposite to what is assumed in Stokes’ theory),
underestimations or overestimations of the terminal velocity are expected
(Schramm, 2006a). When the emulsions are charged an electrical potential is
created; this speeds up the counter-ions and slows down the droplets, although
this effect can be quickly dissipated at high enough electrolyte concentrations.
Applying a correction factor to the Stokes’ law it is possible to determine the
settling velocity. Richardson-Zaki equation (Eq. 3.8) was applied for this, where
@ is the dispersed-phase volume fraction (®<1), for particles smaller than 1 pum

in diameter the exponent found was 5.25 (Barnes, 1993; Schramm, 2006a).

(dx/dt)’ = (dx/dt) = (1 — ¢)525 Eq. 3.8

Anionic nanoemulsions showed no macroscopic sign of creaming or phase

separation (Table 3.5); nevertheless, cationic and non-ionic nanoemulsions
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presented a phase separation due to creaming with a height of 0.25 and 0.5 cm
after 1 year of storage, respectively. The obtained creaming values for the
nanoemulsions produced with Tween 20 are in agreement with the predicted
values (0.42 cm year™); nevertheless, for anionic and cationic nanoemulsions
the same behaviour was not verified. The predicted value for the cationic
nanoemulsion was 0.09 cm vyear', opposing to the obtained value of
0.25 cm year’. One possible explanation for this discrepancy is that even
reducing droplet sizes to 155 nm this was not enough to overcome the density
difference between dispersed and continuous phases. Here the gravitational
forces exceed the Brownian motion, creating a concentration gradient that
makes the larger droplets quickly move to the top of the container (Schramm,
2006a; Tadros, 2013). For the anionic nanoemulsion the predicted creaming
value was 0.07 cm year’; nevertheless, no macroscopic sign of instability
phenomena (i.e. creaming or phase separation) was visible. As the gravity force
is proportional to R®, if R is reduced 10 times the gravity force is reduced by
1000 times. Below 100 to 200 nm of droplet size (which also depends on the
density difference between the oily and water phases), Brownian motion can
exceed the gravity force and therefore creaming is prevented (Tadros, 2013).
The smaller size obtained by the anionic nanoemulsions is one of the reasons
that allow explaining why these nanoemulsions had higher stability than the
cationic and non-ionic nanoemulsions. Also, increasing the surface charge of
the droplets can slow down the creaming rate because of the increasing
repulsive forces between the droplets (McClements, 2005).

After 1 year of storage at 4° C, the nanoemulsions produced with cationic and
non-ionic surfactants showed visible creaming, presenting a creaming height of
0.25 and 0.5 cm, respectively (data not shown). The nanoemulsion produced
with the anionic surfactant remained Kkinetically stable, without evidence of

creaming and/or phase separation, showing an Hgy of 138.5 nm.
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3.3.5 Effect of temperature in size stability

The thermal stability tests performed to select nanoemulsions (please see
topic 3.3.3) showed no macroscopic sign of instability phenomena (i.e.
creaming or phase separation) after heating the samples from 20 to 80 °C. For
this test, Hy measurements were performed immediately after nanoemulsions’
preparation and following the 30 min of heating at each temperature (20 to
80 °C, refer to Table 3.6). Temperature increase did not have an immediate
effect in the characteristics of nanoemulsions, e.g. statistical analysis showed
that thermal stress did not provoke significant differences in the mean
hydrodynamic diameter (Table 3.6). This is due the fact that unlike
microemulsions, that change their morphology, size and shape as a function of
temperature and/or composition, nanoemulsions stability is less sensitive to
temperature increase, and this change does not promote a modification in the
continuous phase, being the droplet sizes unchangeable (Anton and
Vandamme, 2011; Gordon et al., 2014).

3.3.6 Energy consumption

One of the drawbacks of high-energy methods like high-pressure
homogenization is the significant amount of energy required during the process
(Tadros et al., 2004; Walstra, 1993). It is therefore important to evaluate the
interfacial energy (Eq. 3.1), the mechanical energy (Eq. 3.4) and the % of
energy dissipated into heat. Results showed that mechanical energy exceeded
interfacial energy by several orders of magnitude. The interfacial energy values
required for the formation of anionic, cationic and non-ionic nanoemulsions
were 1.97, 1.92 and 0.91 J, respectively, while the mechanical energy was
2070 MJ for all the nanoemulsions. This means an efficiency of 0.1 %, while
99.9 % of the energy was dissipated as heat. These results are in agreement
with the results present by Tadros et al. (2004) and Walstra (1993).

3.4 Conclusions
Homogenization pressure, surfactant type and oil concentration were found to
be critical to achieve the desired hydrodynamic diameters, polydispersity index
and zeta potential of nanoemulsions. Although nanoemulsions were produced

at all levels of process and formulation parameters, the parameters’ values for
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the preparation of stable nanoemulsions with the smallest hydrodynamic
diameter are: homogenization pressure of 20000 Psi, 20 cycles of
homogenization, 1 % wt of surfactant and 10 % wt of oil. Results showed that
differently charged nanoemulsions were kinetically stable during storage,
28 days (for fractional factorial design) and 35 days (for the selected
formulations) at 4 °C in terms of Hgy, Pdl and Zp. However, the anionic
nanoemulsion displayed the highest stability against creaming after 1 year of
storage. The use of small molecules’ surfactants as SDS leads to smaller
droplet sizes due to the faster adsorption kinetics to the interface that can
reduce size and recoalescence phenomena. The increase of surface charge
may slow down the creaming rate, due to the increase of the repulsive forces
between droplets. This work showed that it is possible to tailor charged
nanoemulsions’ size through high-pressure homogenization and the appropriate

choice of surfactant.
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CHAPTER 4

DEVELOPMENT AND CHARACTERIZATION OF LIPID-
BASED NANOSYSTEMS:. EFFECT OF INTERFACIAL

COMPOSITION ON NANOEMULSIONS BEHAVIOUR

In this chapter multilayer nanoemulsions were developed through high-pressure
homogenization, followed by the LbL technique for the deposition of chitosan
and alginate polyelectrolytes multilayers. The effect of polyelectrolytes
concentration in the development of multilayer nanoemulsions was evaluated in
terms of Hg, Pdl, Zp. The release profiles of curcumin were evaluated at

different conditions and fitted to a linear superimposition model.
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(Submitted).
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4.1 Introduction

Food industry in recent years has focused its attention on lipophilic bioactive
compounds due to their health-promoting properties and encapsulation related
issues, such as low solubility in aqueous mediums and low bioaccessibility
(McClements & Xiao, 2012; Pinheiro et al., 2016). Curcumin [1,7-bis(4-hydroxy-
3-methoxyphenyl)-1,6-hepadiene-3,5-dione], a natural polyphenol, extracted
from the rhizome of Curcuma longa, has been reported to have a wide range of
biological activities, such as antioxidant, anti-inflammatory, antimicrobial and
anticancer properties (Kaur et al., 2015; Liu et al.,, 2016). Nonetheless, the
application of curcumin to food products has been limited due their low solubility
in water (11 ng mL™), rapid degradation in aqueous systems due to oxidative
processes, pH and temperature changes during manufacturing or storage of the
food products, and their effect on the organoleptic properties of foods (Plaza-
Oliver et al., 2015; Zhao et al., 2012). The need to overcome these limitations
has led the food and beverage industries to consider the use of
nanotechnology, with a special attention to lipid-based nanosystems due to their
ability to encapsulate lipophilic bioactive compounds efficiently, protect them
and act as delivery systems, while helping their incorporation into food products
(Cergueira et al., 2014; Pinheiro et al., 2016; Plaza-Oliver et al., 2015; Spigno et
al., 2013).

The use of lipid-based nanosystems, such as nanoemulsions, is an interesting
option for the food and beverage industry to encapsulate lipophilic bioactive
compounds, protecting their unique properties, while releasing them at the
desired target. The distinctive characteristics of hanoemulsions, such as high
optical clarity, good physical stability, and protection of the incorporated
bioactive compounds from degradation, while also improving their bioavailability
(Guttoff et al., 2015; Saberi et al., 2015; Silva et al., 2015b) can help preserving
the organoleptic and nutritional properties of food products (Plaza-Oliver et al.,
2015). Nevertheless, nanoemulsions present some drawbacks such as limited
stability to heat, chilling, freezing-thawing and dehydration (Cerqueira et al.,
2014; Silva et al.,, 2015a). Previous studies have shown that the surface

properties of nanoemulsions can be modified through the addition of a
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polyelectrolyte layer (Li et al., 2010; Pinheiro et al., 2016; Saberi et al., 2015).
This deposition can be performed through the LbL electrostatic deposition
technique, a powerful tool for the alternate deposition of polyelectrolytes and
thus the development of multilayer nanoemulsions with improved stability
against environmental stresses (Cerqueira et al., 2014; Li et al., 2010; Pinheiro
et al., 2016). LbL deposition of polyelectrolytes changes the surface properties
of nanoemulsions, creating the possibility of tailoring the properties of lipid-
based systems, offering a precise control over thickness and morphology, while
allowing the controlled release of the lipophilic bioactive compounds (Cui et al.,
2014). LbL deposition relies on the electrostatic interactions between a charged
polyelectrolyte deposited on the surface of an oppositely charged system
(Figure 4.1). However, the development of the composition of these systems
must be carefully controlled in order to avoid particle aggregation due to

bridging or depletion flocculation (Cui et al., 2014; Saberi et al., 2015).

Oil and water

phases
* j ol
* '
| @ St |
m [ = . =
SDS Chitosan Alginate Chitosan
o O
Nanoemulsion First layer Second layer Third layer

Figure 4.1 — Representative scheme of multilayer nanoemulsions after LbL deposition of

polyelectrolytes onto the nanoemulsion.

In this work, multilayer nanoemulsions were produced using high-pressure

homogenization, followed by the alternate deposition of chitosan and alginate

114



Silva, H.D. (2015)

layers. The nanosystems stability, responsiveness to environmental triggers
and release mechanisms were evaluated. The effects of environmental
conditions such as temperature and acceptor medium (solvent) on curcumin

release and transport behaviours were also studied.

4.2 Materials and Methods

4.2.1 Materials

Neobee 1053 medium chain triglycerides (MCTSs) is caprylic/capric triglyceride
oil with a fatty acid distribution of 55 % of C8:0 and 44 % of C10:0 which was
kindly provided by Stepan (The Netherlands) and used without further
purification. SDS, curcumin (Mw = 368.38 Da) and 1,1-diphenyl-2-picrylhydrazyl
(DPPH) were purchased from Sigma-Aldrich (St Louis, MO, USA). Chitosan
(deacetylation degree = 95 %) was purchased from Golden-Shell Biochemical
CO., LTD (Zhejiang, China) and sodium alginate from Manutex RSX, Kelco 104
International, Ltd. (Portugal) with Mw = 15,900 Da and viscosity = 200 cp (1 %
agueous solution with Brookfield Model LV — 60 rpm at 25 °C). Lactic acid
(90 %) was obtained from Acros Organics (Geel, Belgium) and ethanol was
obtained from Panreac (Spain). Distilled water (Milli-Q apparatus, Millipore

Corp., Bedford, MA, USA) was used to prepare all solutions.

4.2.2 Experimental Procedures

4.2.2.1 Preparation of curcumin nanosystems

4.2.2.1.1 Curcumin nanoemulsion preparation

Oil-in-water (O/W) nanoemulsions were prepared according to Silva et al.,
(2015b), with minor modifications. Briefly, 0.1 % (w/w) of curcumin was
solubilized at 90 °C in MCTs (Yu et al.,, 2012; Yucel et al.,, 2015). This oily
phase was then added to an aqueous phase containing 1 % (w/w) of SDS in
distilled water. According to previous works (Silva et al., 2011; Silva et al.,
2015b) an oily phase and aqueous phase volume ratio of 1:9 was used. The

nanoemulsions were pre-mixed during 2 min at 5000 rpm using an Ultra-Turrax
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homogenizer (T 25, Ika-Werke, Germany) followed by 20 passages through a
high-pressure homogenizer equipped with a zirconia nozzle (Z4 nozzle) with
100 pm of orifice (Nano DeBEE, BEE International, USA) at 15000 Psi. The
surfactant used in this study was applied as model surfactant based on its
negative charge, since one of the aims of this study was to produce multilayer

nanoemulsions using the LbL electrostatic deposition technique.

4.2.2.1.2 Curcumin multilayer nanoemulsion preparation

The multilayer nanoemulsions were formed through adsorption of consecutive
deposition of layers of polyelectrolytes onto the curcumin nanoemulsions using
the LbL electrostatic deposition technique. The saturation method was applied,
i.e. the layers were constructed by subsequent adsorption of polyelectrolytes
from their solutions without the intermediate rinsing step (Adamczak et al.,
2014). Briefly, anionic curcumin nanoemulsions were coated with alternating
layers of positively charged chitosan solution and negatively charged sodium
alginate (volume ratio of 1:1, respectively) until the desired number of
polyelectrolyte layers was achieved. The polyelectrolyte solutions were added
dropwise with a syringe pump (NE-1000, New Era Pump Systems, Inc., USA) to
fresh curcumin nanoemulsions, under stirring for 15 min. The concentrations of
polyelectrolyte solutions used to form each layer were selected on the basis of
the results of zeta potential measurements (Adamczak et al., 2014; Madrigal-
Carballo et al., 2010).

4.2.2.2 Size measurements

The Hyq and the Pdl of nanoemulsions and multilayer nanoemulsions were
determined using Dynamic Light Scattering (DLS) (Zetasizer Nano ZS-90,
Malvern Instruments, Worcestershire, UK). The nanoemulsion samples were
diluted 10x in distilled water at room temperature, without affecting Hyg and Pdl.
Data were reported as the mean droplet diameter (hydrodynamic diameter, Hy).
The Pdl is a dimensionless number and indicates the heterogeneity
(monodisperse or polydisperse) of sizes of particles in a mixture (Malvern,
2011). Each sample was analysed in a disposable polystyrene cell (DTS0012,

Malvern Instruments). The measurements were performed in duplicate, with
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three readings for each of them. The results are given as the average *
standard deviation of the six values obtained (Rao & McClements, 2013; Silva
et al., 2011).

4.2.2.3 Charge measurements

The droplet charge (zeta potential) of the nanoemulsions and multilayer
nanoemulsions was determined using a particle micro-electrophoresis
instrument (Zetasizer Nano ZS-90, Malvern Instruments, Worcestershire, UK).
Samples were diluted 100x in distilled water prior to measurements in order to
avoid multiple scattering effects at ambient temperature and placing the diluted
emulsions into disposable capillary cells (DTS 1060, Malvern Instruments)
(Ozturk et al., 2014; Rao & McClements, 2013).

4.2.2.4 Evaluation of temperature and pH responsiveness

Thermal stress: The influence of temperature on nanoemulsions stability was
evaluated through DLS, by measuring the Hy of the nanoemulsions. Briefly,
1 mL of the formulations were submitted to a range of temperatures from 10 to
80 °C, with increasing intervals of 10 °C, during 10 min at each condition
(Morais Diane & Burgess, 2014). The temperature was adjusted using a Nano
ZS-90 equipment (Zetasizer Nano ZS-90, Malvern Instruments, Worcestershire,
UK). The occurrence of creaming was visually checked during experiment, and
excluded if it was the case. Data were reported as Hg, average + standard
deviation of the three values obtained.

pH stress: The pH-responsive behaviour of the nanosystems was analyzed by
measuring the droplets mean diameter to responses to dynamic pH values
change using DLS, Zetasizer Nano ZS operating with a 633 nm laser source
equipped with a MPT-2 Autotitrator. The pH value of the nanosystems was
adjusted to 2 and gradually increased to 12 using 0.1 mol L™* and 0.5 mol L™
NaOH solution and 0.1 mol L™ HCI solution. Measurements of the Hq were
collected at 25 °C and pH intervals of 1 (Liechty et al., 2013).
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4.2.2.5 Encapsulation efficiency and loading capacity of curcumin
nanoemulsions

The encapsulation efficiency (EE) and loading capacity (LC) were determined
by measuring the amount of curcumin that was not encapsulated in the
nanoemulsions. Briefly, 0.5 mL of the curcumin nanoemulsion solution was
placed into an Amicon® Ultra 0.5 centrifugal filter with 10 kDa cut-off (Amicon®
Ultra — 0.5 mL device, Millipore Corp., Ireland) and centrifuged at 14,000 g for
15 min. Efficient recovery of the concentrated sample (retained species) is
achieved by a reverse spin step at 14,000 g after collecting the filtrate. This
allowed the separation of the unabsorbed curcumin (filtered) from the
nanoemulsions with encapsulated curcumin (supernatant). In order to measure
the EE (Eq. 4.1), the free curcumin in the filtrate was assayed
spectrophotometrically at 425 nm, the maximum absorbance peak of curcumin,
in Elisa Biotech Synergy HT (Biotek, USA). This procedure was performed
twice, being the unabsorbed curcumin removed by two repeated cycles of
centrifugation. For LC determination (Eq. 4.2) the filtered nanoemulsions were

dried and weighted.

Curcumingotql—CurcumMiNfree

EE% =

%100 Eq. 4.1

Curcumingoeal

Curcumingotql—CurcumMinfree

LC% =

%100 Eq. 4.2

MasSnanoemulsion

Curcumingia represents the total amount of curcumin added to the system,
curcumingee is the free/unabsorbed curcumin in filtrate and MasSnanoemuision IS the

total weight of nanoemulsions after drying (Azevedo et al., 2014).

4.2.2.6 Antioxidant activity of curcumin nanosystems

The free-radical scavenging capacity of curcumin and curcumin nanosystems
were analysed using the DPPH test according to the methodology described by
Pinheiro et al (2015), with some modifications. Briefly, 0.2 mL of ethanol and
0.3 mL of the curcumin dissolved in ethanol (concentrations ranging from 0.05
to 5.0 mg mL™) was mixed in a 10 mL test tube with 2.5 mL of DPPH
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(60 umol L™ in ethanol), achieving a final volume of 3.0 mL. The solution was
kept at room temperature for 30 min and the absorbance was measured at
517 nm (Pinheiro et al., 2015; Rufino et al., 2007; Souza et al., 2012). Butylated
hydroxytoluene (BHT) and butylated hydroxyanisole (BHA) were used as
positive controls. The DPPH scavenging effect was calculated as follows:

AO_(AS_Ab)
A

Scavenging ef fect (%) = x 100 Eq. 4.3

where Ao is the absorbance at 517 nm of DPPH without sample, As is the
absorbance at 517 nm of sample and DPPH and A, is the absorbance at 517
nm of sample without DPPH. The absorbance measurements were performed
in Elisa Biotech Synergy HT (Biotek, USA) (Pinheiro et al., 2015).

4.2.2.7 Fourier transform infrared (FTIR) spectroscopy

In order to confirm the successful development of the multilayer nanoemulsions,
FTIR analyses were carried out with a Thermo Nicolet 6700 spectrometer
(Thermo Scientific, Waltham, MA, USA) in the wavenumber region of 600—-4000
cm! using 16 scans for each sample. The nanosystems were air dried prior to
FTIR measurements. Each spectrum was baseline corrected and the

transmittance was normalised between 0 and 1.

4.2.2.8 Quartz crystal microbalance

The adsorption behaviour of the polyelectrolytes onto the curcumin
nanoemulsions was evaluated using a quartz crystal microbalance (QCM 200,
purchased from Stanford Research Systems, SRS, USA), equipped with AT-cut
quartz crystals (5 MHz) with optically flat polished chrome/gold electrodes on
contact and liquid sides. Before carrying out the experiments, the crystal was
cleaned by successive sonication (40 kHz, 30 min) in ultra-pure water, ethanol
and ultra-pure water, followed by drying with a flow of nitrogen. Adsorption
measurements were performed by alternate immersion of the crystal in
nanoemulsions (pH 5.0), chitosan (pH 3.0), alginate (pH 7.0) and chitosan

(pH 3.0) solutions, for 15 min. The variations of the resonance frequency (F)
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were simultaneously measured as a function of time and the analyses were

performed at 25 °C, in triplicate (Pinheiro et al., 2015).

4.2.2.9 Microscopy

The morphology of nanosystems was evaluated by transmission electron
microscopy (TEM) (EM 902A, ZEISS, Germany) operating at 80 kV. TEM
samples were prepared by depositing the nanoemulsion suspensions on a
carbon-coated copper grid, and negatively stained with 1 % (w/v) uranyl acetate

for observation. Samples were air-dried before analyses.

4.2.2.10 Curcumin release from nanosystems

The in vitro release kinetics of curcumin was performed by the dialysis method
(Azevedo et al., 2014; Pinheiro et al.,, 2015). 2 mL of aqueous curcumin
nanosystems were added into a dialysis membrane (molecular weight cut-off 15
kDa; Cellu-Sep H1, Membrane filtration products, USA). The sealed dialysis
membrane was then placed into 50 mL of acceptor medium (10 %, 20 % and
50 % v/v of ethanol and 5 % w/w of SDS) under magnetic stirring at 4 °C, 25 °C
and 37 °C. At appropriate time intervals, 0.5 mL of supernatant were taken and
0.5 mL of fresh acceptor medium was added to keep the volume of the release
medium constant. The released amount of curcumin from the nanosystems was
evaluated by measuring the absorbance at 425 nm, maximum absorbance peak
(Elisa Biotech Synergy HT, Biotek, USA). All release tests were run in duplicate
or triplicate. In order to evaluate the release mechanism of curcumin from
nanosystems the linear superimposition model (LSM) was applied (Eqg. 4.4).
This kinetic model accounts for both Fickian and Case Il transport effects
(Berens & Hopfenberg, 1978).

My = Myp + Mg Eq. 4.4
Where M is the total amount of sorption per unit weight of nanosystems at time
t, being Mg and M are the Fickian and polymer relaxation contributions,

respectively, at time t. Pure Fickian diffusion can be described by equation
(4.5).
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6 0 1
Mt,F = MOO,F [1 - ;anlﬁexp(_nzkpt)] Mt,R Eq 45

where, M.r is the compound release at equilibrium and kg is the Fickian
diffusion rate constant. Equation (4.5) can be simplified using the first term of
the Taylor series (Pinheiro et al., 2015; Pinheiro et al., 2012).

Polymer relaxation (Eq. 4.6) is driven by the swelling ability of the polymer being
then related to the dissipation of stress induced by the entry of the penetrant
and can be described as a distribution of relaxation times, each assuming a first

order-type kinetic equation (Berens & Hopfenberg, 1978).
Mg = i M, g, [1- exp(_kRit)] Eq. 4.6

where, M. i are the contributions of the relaxation processes for compound
release and kg; are the relaxation rate constants. For most cases, there is only
one main polymer relaxation that influences transport and thus the above
eqguation can be simplified using i= 1. Therefore, equation (4.7) can describe the

linear superimposition model for curcumin release from nanosystems.

M Mg [1 — %exp(kpt)] + Mg[1 — exp(kgt)] Eq. 4.7

Moo

where Mg is the total mass of compound released by Fickian transport and Mg
is the total mass of compound released by polymer relaxation. The
experimental data were analysed by fitting equation (4.7) (linear
superimposition model) in order to assess the transport mechanism involved in
the curcumin release from nanosystems at different temperatures and acceptor
media (Pinheiro et al., 2015).

4.2.2.11 Stability of the nanosystems under storage
In order to evaluate the stability of nanoemulsion and multilayer nanoemulsion
during storage, the Hgy, Pdl and Zp were evaluated during three months of

storage at 4 °C in the absence of light.
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4.2.3 Statistical procedures

4.2.3.1 Data Analyses

Data analyses were performed using Microsoft Windows Excel 2011, using
Tukey's Multiple Comparison Test with a confidence interval of 95 % in
GraphPad Prism 5 (GraphPad Software, Inc.) and using ANOVA in
STATISTICA 7.0 (Statsoft, Tulsa, OK, USA).

4.2.3.2 Non-linear regression analysis

The equations 5 and 7 were fitted to data by non-linear regression, using
STATISTICAT 7.0 (Statsoft. Inc, USA). The Levenberg—Marquardt algorithm for
the least squares function minimization was applied. The quality of the
regressions was evaluated on the basis of the determination coefficient, R?, the
squared root mean square error, RMSE (i.e., the square root of the sum of the
squared residues (SSE) divided by the regression degrees of freedom) and
residuals visual inspection for randomness and normality. R> and SSE were
obtained directly from the software. The precision of the estimated parameters
was evaluated by the standardised halved width (SHW %), which was defined
as the ratio between the 95 % standard error (obtained from the software) and

the value of the estimate (Pinheiro et al., 2015).

4.3 Results and Discussion

4.3.1 Curcumin nanosystems

4.3.1.1 Characterization of the curcumin nanoemulsion

The use of high-energy emulsification methods, such as high-pressure
homogenization, resulted very efficient in creating stable nanoemulsions
encapsulating curcumin, with a final mean droplet diameter of 80.0 + 0.9 nm.
Regarding the Pdl and Zp, the obtained values were, 0.177 + 0.009 and -65.8 £
5.8 mV, respectively. The highly negative Zp can be explained by the fact that
SDS, an anionic surfactant, was used to stabilize the nanoemulsions, as seen in

chapter 3.
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The theoretical minimum size of the curcumin nanoemulsions produced by high-
pressure homogenization at 1 % (w/w) of surfactant was calculated using
equation (4.8)

REIRT0)

Riin = 1-9) Eq. 4.8

Here, I" is the surface load of the surfactant at saturation (kg m?), ¢ is the
disperse phase volume (dimensionless), and C’s is the concentration of
surfactant at the continuous phase (kg m™) (Troncoso et al., 2012). Assuming a
surface load of SDS of 1 mg m? (Berton-Carabin et al., 2014), the minimum
theoretical droplet diameter is 67 nm, while the experimental mean droplet
diameter obtained for the curcumin nanoemulsion was 80 nm. This result
suggests not only that the concentration of 1 % (w/w) of SDS used was
sufficient to cover all droplets, but also that SDS quickly adsorbed on the droplet
interface during the homogenization process, which was capable of generating
enough disruptive forces (Qian & McClements, 2011; Silva et al., 2015b;
Troncoso et al., 2012). In chapter 3, where the authors prepared nanoemulsions
using the same equipment and process conditions but a nozzle with an orifice of
200 um diameter instead of 100 um, a mean droplet size of 137 nm was
obtained, being of 57 nm larger than the value of 80 nm obtained in this work.
The geometry of the nozzle is in fact of major importance when developing
nanoemulsions (Donsi et al., 2011), with the reduction in nozzle diameter
allowing the generation of enough disruptive forces, which led to a reduction in
Hag.

The encapsulation efficiency (EE) and loading capacity (LC) of curcumin using
nanoemulsions was determined using equations 1 and 2. The values of EE and
LC obtained were 99.8 £ 0.8 % and 0.53 £ 0.03 %, respectively. The low LC
may be related with the large number of droplets present with very small sizes,
which leads to a higher surface area, where 1 mg of nanoemulsion contains
5.3 ug of curcumin. Sari et al (2015) prepared curcumin-loaded nanoemulsions
using whey protein isolate and Tween 80, achieving an EE of 90.65 %, having
droplet sizes of 142 nm (Sari et al., 2015). Friedrich et al. (2015) also reported
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an EE of 100 % for curcumin nanocapsules developed with sorbitan

monostearate and poly(e-caprolactone) (Friedrich et al., 2015).

4.3.1.2 Polyelectrolytes adsorption onto nanoemulsions

The saturation method was used to determine the optimum chitosan and
sodium alginate concentrations required to prepare the multilayer
nanoemulsions. For polyelectrolytes concentrations below a critical value, the
polyelectrolyte molecules adsorb on more than one droplet, leading to bridging
flocculation. In contrast, the presence of free polyelectrolyte (excess) in the
agueous phase will cause interaction with the polyelectrolytes of the following
layer, leading to interferences in the development of the multilayer
nanoemulsion. If the free polyelectrolyte is in excess at high enough
concentration, this could generate attractive osmotic forces able to remove the
polyelectrolytes from nanoemulsion surface, overcoming the repulsion forces
and leading to depletion flocculation (Cui et al., 2014; Guzey & McClements,
2006; Szczepanowicz et al., in press). The addition of polyelectrolytes at the
optimum concentration was determined by Zp measurements, being the
polyelectrolyte carefully added drop by drop in order to prevent bridging and
depletion flocculation.

The influence of chitosan concentration was initially evaluated on the properties
of the nanoemulsion with the first layer, i.e. Hg, Pdl and Zp. The Hg, Pdl and Zp
of the multilayer nanoemulsion (first layer) were measured immediately after
production. For concentrations ranging between 0.02 % and 0.05 % (w/w),
these properties were also evaluated after 24 h of storage. Figure 4.2a shows
that the addition of chitosan leads to a change of Zp values, where the increase
of chitosan concentrations (from 0.0005 % to 0.08 %) leads to higher Zp values
(from negative to positive). This change reached a positive constant value
around +16 mV, when the concentration ranged between 0.04 % and 0.08 %
(w/w). This change in the Zp values suggests that the polyelectrolytes
effectively adsorbed on the surface of the nanoemulsion, with the deposition of
the first layer (Szczepanowicz et al., in press). At chitosan concentrations
ranging from 0.0025 % and 0.015 % (w/w) a few “clumps” and oily droplets

were observed at the upper surface of the samples. This can be explained by
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the insufficient mass of chitosan present to coat all the nanoemulsions, which is
reflected in the Zp of the samples, causing a decrease from -68.5 mV to -
39.9mV and consequent aggregation. The presence of clumps at these
concentrations suggests that bridging flocculation occurred. Charged
polyelectrolytes are known to promote bridging flocculation; if there is
insufficient chitosan to completely coat the nanoemulsion droplets, a chitosan
molecule could adsorb to the surface of more than one droplet, bridging the
nanoemulsions droplets together (Cui et al., 2014; Guzey & McClements, 2006;
Mora-Huertas et al., 2010). A similar phenomenon was observed by Aoki and
co-workers (2005), who reported that mixing low concentrations of a chitosan
solution with a nanoemulsion led to droplets with negative surfaces, which
allowed chitosan molecules to adsorb on the surface of two or more droplets
simultaneously (Aoki et al., 2005). In the range of chitosan concentration from
0.03 % to 0.08 % (w/w) a change from negative to positive electrical charge was
observed, which indicates that chitosan fully adsorbed on the surface of the

nanoemulsion droplets.
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Figure 4.2 — Values of a) zeta potential (Zp), and b) hydrodynamic diameter (Hq) and
polydispersity index (Pdl) as a function of chitosan concentrations for nanoemulsions coated

with the 1% layer.

Despite the shift from negative to positive electrical charge, from 0.05 % to
0.08 % (w/w) chitosan some clumps were observed, this time without oil
droplets, at the surface of the solutions. At high concentrations (from 0.09 % to
0.2 % wi/w) the presence of large clumps was even more evident, making
impossible to measure Hqy, Pdl and Zp for nanoemulsions coated with this range
of chitosan concentrations. From 0.05 % to 0.2 % (w/w), chitosan induced a

depletion attraction between the nanoemulsion droplets that lead to the
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flocculation of particles. The presence of a high concentration of free chitosan in
the continuous phase was able to generate an attractive osmotic force, capable
of overcoming the repulsive forces, removing the polyelectrolytes from the
surface of the nanoemulsions droplets (Cui et al., 2014; Guzey & McClements,
2006; Szczepanowicz et al., in press). A similar behaviour was described by
Mun and co-workers (2005), where chitosan concentrations below the amount
of chitosan required to saturate the droplet surfaces formed extremely large
droplet aggregates. While stable nanoemulsions were formed above the
concentration of saturation, at higher chitosan concentrations the electrostatic
repulsive forces were not high enough to avoid depletion flocculation (Mun et
al., 2005). Another study of Mun and co-workers (2006) revealed that the
molecular weight of chitosan did not have any influence on the charge of the
multilayer nanoemulsion, or on the tendency to the formation of clumps due to
bridging flocculation. However, high levels of chitosan were reported to cause
depletion flocculation, inducing droplet aggregation. The tendency to form
aggregates increased with the increase of the molecular weight. This study also
showed that the electrical charge of the SDS-chitosan droplets depended on the
degree of deacetylation, where higher degrees of deacetylation lead to higher
electrical charges (Mun et al., 2006). Despite the low electrical charge observed
in this study, the samples were stable during 24 h (data not shown), due to both
electrostatic and steric repulsions. Mun and co-workers (2006) showed that if
the charge density of the polyelectrolytes is not too low, the final electrical
charge is largely independent of the charge density of the adsorbed
polyelectrolytes. Otherwise, if the charge density of the polyelectrolyte is
sufficiently high, when the surface charge reaches a critical value, there will be
a strong electrostatic repulsion between the surface (nanoemulsion) and the
similarly charged polyelectrolytes in the aqueous phase that further limits the
adsorption of the polyelectrolytes. Due to this, the final electrical charge of the
multilayer nanoemulsion is determined by this critical value, rather than the
charge density of the polyelectrolyte (Mun et al., 2006). This seems to be the
case, since the high charge density of chitosan leads to a critical electrical
charge, opposing to further adsorption due to electrostatic repulsion between

template and the non-adsorbed polyelectrolyte. Therefore, the concentration of
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0.04 % (w/w) of chitosan was selected to carry on the development of the
multilayer nanoemulsions.

For the development of the 2" layer sodium alginate, an anionic polyelectrolyte
was used. The effect of the concentration of alginate in the Hq, Pdl and Zp was
evaluated, for concentration ranging from 0.01 % to 0.06% (w/w). The increase
of alginate concentration caused a switch in the electrical charge, from positive
to negative, reaching a constant negative value around -50 mV, for an alginate
concentration =2 0.04 % (w/w), approximately corresponding to the electrical
charge of alginate solution. Usually the optimum concentration of
polyelectrolytes corresponds to the polyelectrolyte Zp value in solution (Cui et
al., 2014). This suggests that the anionic alginate molecules adsorbed to the
surfaces of SDS-stabilized nanoemulsions until they became saturated with
alginate (Figure 4.3a).

From Figure 4.3b it is possible to see that the increase of alginate concentration
leads to an increase of the mean droplet diameter, from 110 nm (1% layer) to
128 nm (0.1 % w/w of alginate). The increase of alginate concentration (from 0
to 0.1 % w/w) also leads to higher values of Pdl, from 0.177 to 0.231 without
and with 0.1 % (w/w) of alginate, respectively. This behaviour suggests that the
nanoemulsions were saturated with alginate, not being susceptible to droplet
aggregation by bridging and not prone to depletion flocculation, due to strong
electrostatic repulsions between the multilayer nanoemulsions (Li et al., 2010;
Pinheiro et al., 2016). Hence, 0.04 % (w/w) of alginate was selected for the
preparation of the 2" layer of the multilayer nanoemulsion, since the chitosan-
SDS-stabilized multilayer nanoemulsions were completely surrounded by

alginate molecules, without significant excess of polyelectrolytes in solution.
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Figure 4.3 — Values of a) zeta potential (Zp), and b) hydrodynamic diameter (Hq) and
polydispersity index (Pdl) as a function of alginate concentrations for nanoemulsions coated

with the 2" layer.

The results of adding chitosan to build the 3™ and last layer are shown in
Figure 4.4. Chitosan concentrations ranging from 0.01 % to 0.1 % (w/w) were
tested. However, for concentrations = 0.03 % (w/w) large yellowish clumps were
formed, surrounded by a transparent agueous phase, making it impossible to
evaluate the Hy, Pdl and Zp. Due to the presence of a high concentration of
chitosan in the continuous phase, chitosan induced depletion flocculation,
leading to the aggregation of the particles (Cui et al., 2014; Guzey &
McClements, 2006; Szczepanowicz et al., in press). Figure 4.4a shows that at a
chitosan concentration of 0.015 % (w/w) the neutralization of the electrical
charge occurred. At this concentration, there was enough chitosan adsorbed on
the anionic groups of alginate capable of neutralizing the anionic groups on the
adsorbed alginate layer (Li et al., 2010). A similar behaviour was observed by Li
and co-workers (2010), while depositing an anionic layer of alginate and pectin
onto the cationic layer of chitosan. They were able to neutralize the cationic
groups of the adsorbed chitosan. The positively charged molecules of chitosan
continued to adsorb to the surface of the SDS-Chitosan-Alginate multilayer
nanoemulsions until the charges became positive, up to a certain level of
saturation at 0.025 % (w/w) despite attaining higher values of Hy and Pdl when
compared to the ones obtained at 0.02 % (w/w) (see Figure 4.4b). At this
concentration, a critical electrical charge was reached (+11 mV), opposing to
further adsorption due to electrostatic repulsion between the template and the
non-adsorbed polyelectrolyte. Therefore, a chitosan concentration of 0.02 %

(w/w) was selected to build the 3" layer.

128



Silva, H.D. (2015)

a s i
) 0 Instability Instability
£ ] b
" 05
0 200
& 045
n ' . 04
o+ - . . 150 035
§ oS 0.015 0.02 0.025 003 0.04 005 006 007 008 009 01 — 2 - . a §
LETEY o £ iRl 03 _
0 =100 g B E B 0
T ! i il
30 | 0.2
50 0.15
“ 01
=0 005
P o N N B W N : I Lo
Ind 0005 0.01 0015 002 0025 003 004 005 006 007 008 009 0.1
Layer
Chitosan % (w/w) Chitosan % [w/w)

Figure 4.4 — Values of a) zeta potential (Zp), and b) hydrodynamic diameter (Hq) and
polydispersity index (Pdl) as a function of chitosan concentrations for nanoemulsions coated

with the 3" layer.

Transmission Electron Microscopy (TEM) confirmed the values of the Hyg
measured by DLS, supporting the hypothesis of successful multilayer deposition
and formation of a multilayer nanoemulsion. Figure 4.5a and 4.5b show the
TEM microphotographs of the nanoemulsion and multilayer nanoemulsion,
respectively. Figure 4.5b shows the affinity that uranyl ions have towards
chitosan, evidencing the successful development of the multilayer

nanoemulsion (Tegge, 1989).

Figure 4.5 — TEM microphotograph of negatively stained nanosystems with uranyl 1 % w/w. a)

nanoemulsion and b) multilayer nanoemulsion.

4.3.2 Evaluation of the interactions between polyelectrolytes and
nanoemulsion
The adsorption of the polyelectrolyte solutions by electrostatic interactions

between the polyelectrolytes and the nanoemulsion droplets during the
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construction of the multilayer nanoemulsion were evaluated in situ through
QCM.
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Figure 4.6 — Real time monitoring of polyelectrolytes onto nanoemulsions, QCM response
signal (resonant frequency, AF) for the sequential adsorption of nanoemulsion, chitosan,

alginate and chitosan onto a gold electrode surface.

Figure 4.6 shows the consecutive decrease of frequency after the alternate
immersion of the QCM crystal in nanoemulsion, chitosan, alginate and chitosan
solutions, which means that the mass of polyelectrolytes is being successfully
deposited. In addition, Figure 4.6 shows that the adsorption of alginate results in
higher changes of frequency leading to a higher mass deposition, when
compared to chitosan. This may possibly be related with the more hydrophilic
character of alginate: its deposition can be accompanied by solvent entrapment,
resulting in a more viscoelastic system. On the other hand chitosan, a more
hydrophobic polymer, may entrap air, resulting in a smaller measured mass.
Similar behaviour was observed for alginate/chitosan multilayers (Martins et al.,
2010) for chitosan/fucoidan multilayer nanocapsules (Pinheiro et al., 2015) and
lactoferrin-GMP nanohydrogels (Bourbon et al., 2015).

When mixing oils, surfactants, bioactive compounds and polyelectrolytes,
physical bonds and chemical interactions are reflected by changes in

characteristic bonds, which can be evaluated by FTIR. The characteristic bands
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for curcumin, SDS, MCTs, chitosan and alginate are presented in the
supplementary material, Table S4.1.

Figure 4.7 show that the FTIR spectrum of the nanoemulsion majorly presents
the characteristic spectra of the MCTs. Nevertheless, from comparing the FTIR
profile for the curcumin nanoemulsion with that of pure curcumin and of
curcumin in MCTs (data not shown), it is possible to observe that a shift in the
out-of-plane bending CH of aromatic and skeletal CCH occurred, from 855 cm™
in the pure curcumin, to 872 cm™ in the curcumin + MCTs and to 836 cm™ when
encapsulated into the nanoemulsion (Hee-Je Kim et al., 2013). In addition, a
shift also occurred in the bending vibrations of CH bond of alkene group
(RCH=CH,) from 962 cm™ in the pure curcumin to 969 cm™ in the
nanoemulsion. The nanoemulsion presents a peak at 1017 cm™ when
compared to the curcumin in MCTs profile. The in-plane bending of the CH,
group at 1465 cm™ indicates a reduction of side-by-side chain interactions and
an increase in chain motion, which is normally associated with the SDS in the
liquid state (Viana et al., 2012). This indicates that the SDS membrane is
surrounding the droplets of oil with encapsulated curcumin. The stretching
vibration of the CO ester groups present in the MCTs also exhibited a slight shift
from 1153 to 1154 cm™ and from 1222 to 1224 cm™. The FTIR profile for the
nanoemulsion further confirmed that the nanoemulsion does not contain SDS
micelles. Normally the stretching of CH, band of SDS micelles is observed
between 2936-2928 cm™, a peak that it is not present in the nanoemulsion
spectrum. This confirms the hypothesis that under the processing conditions
used in the homogenization process, SDS micelles were not formed (Viana et
al., 2012).

With the adsorption of chitosan for the construction of the 1% layer, the FTIR
spectrum shows three new peaks at 1045, 1649 and a broad band at 3408 cm’
! that correspond to characteristic peaks of chitosan, skeletal vibration of the C-
O stretching, carbonyl (C=0) stretching of the secondary amide (amide | band)
and to the amine and hydroxyl groups, respectively (Lawrie et al., 2007; Li et al.,
2008; Pawlak & Mucha, 2003). Also, the shift of some characteristic peaks of
the oil phase, such as the stretching vibration of the C-O ester groups from
1154 and 1222 to 1159 and 1218 cm™ and the SDS in-plane bending of the

CH> group shifted from 1465 to 1460 cm™ reveals that chitosan is now the outer
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layer (Lawrie et al., 2007; Viana et al., 2012; Vlachos et al., 2006; Yang et al.,
2005).

The deposition of alginate as the 2" layer was characterized by two new peaks
at 1080 and 1631 cm™, responsible for the asymmetrical stretch of the C-O-C
and a asymmetrical stretch vibration of the carboxyl groups (COO), respectively
(Lawrie et al., 2007; Shi et al., 2006). The deposition of alginate also leads to a
shift in the skeletal vibration of the C-O stretching vibration from 1045 to
1055 cm™ and to a small shoulder at 3455 cm™ due OH stretching vibration
(Lawrie et al., 2007).

After the development of the 3™ layer, it is possible to observe that residual
lactic acid is evident at 1710 cm™, which corresponds to carbonyl vibration of
the carboxylic acid (Bourbon et al., 2011; Lawrie et al., 2007). There is also a
shift in the in the skeletal vibration of the C-O stretching from 1055 to 1043 cm™
and a shift in the carbonyl (C=0) stretching of the secondary amide (amide |
band) from 1649 to 1643 cm™. Additionally, the OH stretching vibration band of
the multilayer nanoemulsion (3" layer) was broader and shifted to a lower wave
number, 3386 cm™, suggesting that intermolecular hydrogen bonds also existed
in the multilayer nanoemulsions (Shi et al., 2006). It is then plausible to assume
that hydrogen bonding can also play an important role in the LbL assembly
(Martins et al., 2010).
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Figure 4.7 — FTIR spectra of nanoemulsions, 1% layer nanoemulsion; 2 layer nanoemulsion

and 3" layer nanoemulsion (multilayer nanoemulsion).
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4.3.3 Evaluation of temperature and pH responsiveness

The thermal stress tests performed on the nanosystems (see section 4.2.2.4)
showed no macroscopic sign of instability phenomena (i.e. creaming or phase
separation) after heating the samples from 10 to 80 °C. For this test, Hg
measurements were performed immediately after nanoemulsions preparation
and following the 30 min of heating at each temperature (10 to 80 °C, please
refer to Table 4.1). The temperature increase did not have an immediate effect
in the characteristics of the nanosystems. Table 4.1 shows that thermal stress
did not influence significantly (p>0.05) the values of Hq. This can be explained
by the fact that nanoemulsions and multilayer nanoemulsions do not change
their morphology, size and shape as a function of temperature, having low
sensibility to the increase of the temperature. Temperature changes do not
promote a modification in the continuous phase, being the droplet sizes stable
to temperature changes (Anton & Vandamme, 2011; Gordon et al., 2014; Silva
et al., 2015b).

Table 4.1 — Experimental Hq and Pdl values obtained for the nanosystems after thermal stress

tests
Nanoemulsion Multilayer nanoemulsion
Treatment Hg (nm) Pdl Hg (nm) Pdl
After
80.0 + 1.6° 0.137 £0.04% 129.8+3.2% 0.237+0.03°
production
10°C 80.8+1.7% 0.134+0.02% 1252+21% 0.235+0.02°
20°C 81.2+1.6% 0.131+0.03* 125.1+28% 0.241+0.02°
30°C 82.8+21% 0.133+0.03% 125.8+27% 0.236+0.01°
40 °C 83.3+15% 0.137+0.03% 124.7+29% 0.242+0.02°
50 °C 82.7+1.7% 0.133+0.02% 125.7+3.2% 0.239+0.02°
60 °C 82.6+1.9% 0.134+0.02% 124.3+3.3% 0.238+0.01°
70°C 82.9+19% 0.129+0.04% 1258+24% 0.237+0.03°
80 °C 84.7+3.1% 0.134+0.02% 1285+29% 0.241+0.03°

Each value represents mean = SD (n = 3). Different letters between rows means statistically

different results (p<0.05).
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Figure 4.8 show that changes in pH values did not affect the nanoemulsion Hg.
A similar behaviour was observed by Tang and co-workers (2012), which
developed a nanoemulsion loaded with aspirin using Cremophore EL through
ultrasound cavitation, obtaining droplet sizes between 200 to 300 nm and a PdI
of about 0.30. These nanoemulsions were subjected to changes in the pH,
revealing to be stable under the range of pH tested (2 — 9), even at pH values

close to their isoelectric point, i.e. 2.54 (Tang et al., 2012).
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Figure 4.8 — pH-responsiveness of the nanosystems in terms of hydrodynamic diameter (Hyg).

The Hq of the nanoemulsions with the 2™ layer and 3™ layer increased when the
pH was below 3 and above 7 (Figure 4.8), with a larger increase in Hq for the
multilayer nanoemulsion with 3" layers, from 150 to 200 nm. The increase of Hg
at acidic pH (below 3) can be attributed to the anionic groups of alginate, which
are carboxylic acids with pK, values around 3.5 (Harnsilawat et al., 2006; Li et
al., 2010). Nevertheless, alginate layer desorbs from the droplet surfaces in the
multilayer system at acidic conditions, even though the electrical charges were

supposed to be nearly 0 mV. This effect might be due the fact that alginate layer
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retained some negative charges at pH below the pK,. Interestingly, the same
behaviour was found for pH above 7, i.e. above the pK, of chitosan, reported to
be around 6.5. At basic pH the amino groups are completely deprotonated and
then contribute to the loss of solubility of the chain segments (Vachoud et al.,
2000). However, it can be presumed that the chitosan layers retained some
positive charge at neutral and basic pH values. This is corroborated by previous
research that pK, values of charged groups on polyelectrolytes can change
appreciably when they are entangled between two oppositely charged
polyelectrolytes, increasing the stability of the multilayer system to pH (Burke &
Barrett, 2003a, b; Li et al.,, 2010). Despite the increase in the Hy for the
multilayer nanoemulsion when varying pH, no visual instability phenomena (i.e.

creaming or phase separation) was observed.

4.3.4. Antioxidant activity

The antioxidant activity values of curcumin encapsulated in the nanosystems
was not significantly different from the values obtained for free curcumin, when
determined by DPPH tests. The radical scavenging activity of the free curcumin
was 9.4 + 0.5 pmol L™ Trolox mg™* curcumin, while for the nanoemulsion was it
9.4 + 0.3 pmol L™ Trolox mg™* curcumin and for the multilayer nanoemulsion it
was 9.3 + 0.6 umol L Trolox mg* curcumin. Sari and co-workers (2015)
produced curcumin nanoemulsions using whey protein isolate, where 10 to 40
mg of curcumin were added to 100 mL of total emulsion and achieved a lower
radical scavenging activity of approximately 3.33 + 0.02 ymol L™* Trolox mg™
curcumin, for the nanoemulsion system, whereas for native curcumin the value
was 3.53 + 0.11 pmol L™ Trolox mg™ curcumin. In the present study, the radical
scavenging activity for the nanosystems was measured during 35 days of
storage, at 4 °C and 25 °C and in absence of light (A.L) and in the presence of
light (P.L). Figure 4.9 clearly shows that curcumin is degraded during storage,
since the radical scavenging activity (RSA) decreases during storage. From
Figure 4.9 it is possible to see that samples that were kept in the dark had a
significantly lower (p<0.05) decrease in the RSA when compared to the ones
that were kept under light. This was expected due the fast degradation of
curcumin when exposed to light (Khurana & Ho, 1988). For the nanoemulsions,

losses around 18.7 £ 1.2 % to 25.5 + 1.5 % were observed when samples were
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kept in the dark at 4 °C and exposed to light at 25 °C. For pure curcumin
solubilized in MCTs in the same conditions, a decrease in the RSA of 21.9+ 1.4
% and 26.6 £ 1.1 % was observed. Despite lipids and surfactants are known for
significantly decreasing the curcumin degradation, it was expected that
nanoencapsulation decreased even further the degradation of curcumin
(Priyadarsini, 2009). Opposite to the expected, the development of layers
around the nanoemulsion did not decrease the RSA during storage, on the
contrary, a significantly decrease in RSA during storage was observed (Figure
4.9). The addition of consecutive layers led to a decrease in the antioxidant
activity of the curcumin, especially in the presence of light at 25 °C. It is a
known fact that curcumin is very sensitive to light, pH, solvent system and
oxygen (Siviero et al., 2015). For the 1% layer, the decrease of RSA when
exposed to light and at 25 °C was of 43.7 £ 1.7 % against the decrease of 26.9
+ 1.3 % when stored in the dark at the same temperature. For the 3" layer, the
same behaviour was observed, achieving a loss of 73.8 £ 1.2 % at 25 °C in the
presence of light against 66.0 + 1.8 % when stored in the dark. It was possible
to follow this degradation visually, since the solution turned colourless for the 3"
layer at 25 °C in the presence of light. The processes behind curcumin
degradation are very complex, since polarity, T-bonding nature, hydrogen bond
donating and accepting properties of the solvent influence the excited state
photophysics of curcumin (Priyadarsini, 2009). The mechanism of
photodegradation is still not clear, nevertheless the presence or absence of the
phenolic OH group does not play a significant role in the degradation of
curcumin, being the degradation mainly governed by the breaking of B-diketone
link forming smaller phenolic compounds (Priyadarsini, 2009). Tomren and co-
workers (2007) showed that curcumin in cyclodextrin solutions was more
resistant to hydrolysis than free curcumin; nevertheless, curcumin in
cyclodextrin showed to be equally or more susceptible to photochemical
degradation, depending on the medium. They observed that stability depends
either on the presence of organic solvents or the absence of water (Tomren et
al.,, 2007). Nevertheless, the RSA values for the nanoemulsion and the
multilayer nanoemulsion (3" layer) was around 50 % lower for the multilayer

nanoemulsion. This could be explained by the difference in the aqueous
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medium. The multilayer nanoemulsion was developed using the saturation
method that generates massive dilutions; each layer deposition increases the
dilution, performing a 8-fold dilution, achieving a final pH of 5, which excludes
degradation of curcumin to basic pH. This difference in the aqueous phase
volume could lead to higher hydrogen binding ability, promoting the degradation
of curcumin (Priyadarsini, 2009). The hydrogen donation reaction from curcumin
leads to the oxidation of curcumin (Priyadarsini, 2014). In addition, during the
deposition of the chitosan layers free radicals could be entrapped within the
polymers net with air (Lander et al., 2000; Martins et al., 2010). If this was the
case, the presence of labile hydrogens is crucial for the H-atom donating ability
of the curcumin, leading to a decrease of the RSA during storage (Jovanovic et
al., 1999). Moreover, the presence of air within the polymer net can be
responsible for the oxidation of curcumin, in which two oxygen molecules are
included into the heptadienone chain connecting the curcumin phenolic rings
resulting in the formation of dioxygenated bicyclopentadione product, being the
oxidative degradation of curcumin a consequence of its activity as a ROS

scavenger (Thangavel et al., 2015).
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Figure 4.9 — Encapsulated curcumin radical scavenging activity during 35 days of storage.

MCTs — Medium Chain Triglycerides; A. L — Absence of light; P. L — Presence of light.
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4.3.5 Curcumin release from the nanosystems

The release behaviour of curcumin from the developed nanosystems was
evaluated at 4 °C, 25 °C and 37 °C in four different acceptor mediums, ethanol
at 10 %, 20 % and 50 % (v/v) and 5 % (v/v) of SDS, always maintaining the sink
conditions for curcumin.

Ethanol at 10 % and 20 % (v/v) solutions are food simulants assigned for foods
that have a hydrophilic character and are able to extract hydrophilic substances.
Ethanol at 20 % (v/v) shall be used for alcoholic foods with an alcohol content of
up to 20 % and for those foods that contain a relevant amount of organic
ingredients that render the food more lipophilic. In contrast, food simulants like
ethanol at 50 % (v/v) are assigned for foods that have a lipophilic character and
are able to extract lipophilic substances. Ethanol at 50 % (v/v) shall be used for
alcoholic foods with an alcohol content of above 20 % and for oil.in-water
emulsions (EC, 2011).

Concerning the release tests using 10 % and 20 % (v/v) of ethanol as the
acceptor medium at 4 °C and 25 °C, it was observed that both nanosystems
were unable to release curcumin (data not shown), maintaining the curcumin
entrapped within the nanosystems. These nanosystems also showed Hg
stability during the period of the release assays (55 h), whereas the mean
droplet diameter was 80.0 + 0.9 nm and 130.1 = 1.5 nm for the nhanoemulsion
and multilayer nanoemulsion, respectively, before the assay, being after the
release assay 79.2 = 1.5 and 127.3 £ 2.8 nm, respectively, when using 10 %
(v/v) of ethanol. For 20 % (v/v) of ethanol, the Hy after the assays were 77.2
2.4 and 125.4 = 3.9 nm, respectively for the nanoemulsion and multilayer
nanoemulsion. The stability evidenced by the nanosystems gives an idea of
which food products are best suited for the incorporation of the developed
nanosystems (e.g. mayonnaise, mustard, salad creams, ice creams, non-
alcoholic beverages and alcoholic beverages up to 20 % v/v).

For 50 % (v/v) ethanol at 25 °C and for 5 % (v/v) SDS at 25 °C and 37 °C the
LSM fitting curves adequately describe the experimental data (Figure 4.10) with
good regression quality (R? > 0.87), and most parameters were estimated with
good precision. This suggests that this model can be used to describe the

transport mechanisms involved in curcumin release for both nanosystems.
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From the parameters presented in Table 4.2 it can be seen that Brownian
motion of curcumin in the nanosystems cannot describe the transport
mechanism for itself, i.e. it does not strictly follow Fick’s behaviour, but is
governed by both Fickian and Case Il transport, with only one main relaxation
phenomenon (i.e. surfactant and polyelectrolytes relaxation. Figure 4.10a
shows that the release of curcumin from nanoemulsions, when using SDS as
the acceptor medium at 37 °C, happens in the first 10 h, while at 25 °C the
release of curcumin from the nanoemulsion is much slower, happening during
48 h until achieving a stagnant phase. It is also possible to observe that at
37 °C the mass of curcumin released (= 100 pg) is 2.5 times higher than the
one released at 25 °C (= 40 ug). Data in Table 4.2 show that relaxation is the
main mechanism of transport, since it is responsible for 90 % of the curcumin
released, Mg, while Brownian motion is responsible for only 10 %, M.

The relaxation effect is understood as a time-dependent phenomenon whose
characteristic time constant reflects the reformation process of the surface layer
(Atsumi et al., 1994). Briefly, there are two relaxation processes involved in
surfactant micellar solutions. The first is a fast relaxation time, associated with
the collision of surfactant monomers with micelles, generally in the order of the
microseconds. The second relaxation time is related to the micelle formation
and dissolution process, being an indicator of the micelle stability (Atsumi et al.,
1994). Surfactant molecules maintain an equilibrium surface concentration
(nanoemulsion stability) through a continuous dynamic exchange with
surfactant monomers (and possibly larger assemblies such as surfactant
micelles) in the continuous phase (Mason et al., 2006). Due to this, in the
presence of high concentrations of SDS, nanoemulsion droplets can quickly
exchange monomers with the surfactant monomers or even micelles, promoting
the release of curcumin (Atsumi et al., 1994; Mason et al., 2006; Paruchuri et
al., 2006).
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Figure 4.10 — Profile of curcumin release from nanosystems. a) effect of temperature, using
5 % (w/w) SDS as acceptor medium; b) effect of polyelectrolytes at 25 °C and 37 °C, using 5 %
(w/w) SDS as acceptor medium; c) effect of polyelectrolytes at 25 °C, using 50 % (v/v) ethanol

as acceptor medium; d) effect of acceptor medium (ethanol vs SDS) at 25 °C.

The effect of temperature on the total of mass released by relaxation can be
explained by the influence of a higher temperature in the decrease of the
second relaxation rate, that is able to promote instability, while leading to a
decrease in the first relaxation time (Atsumi et al., 1994; Milcovich & Asaro,
2012; Paruchuri et al., 2006). In addition, it is known that high temperatures
increase the solubility of bioactive compounds, which can be associated with
the decrease in the first relaxation time and trigger a higher amount of Mg with
the temperature increase, contributing to a slower rate of release. The
multilayer nanoemulsion system was unable to perform a release, maintaining
curcumin entrapped (Figure 4.10b). Here the addition of polyelectrolyte layers
reinforced the stability of these structures, avoiding curcumin release, probably
by inhibiting the exchange of monomers with the surfactant monomers or
micelles from the acceptor medium. For the assays at 37 °C, another possible
explanation for the release behaviour can be pointed, is the fact that alginate
and chitosan exhibit a gel form, which can further prevent the release of
curcumin (Azevedo et al., 2014; Carreira et al., 2010). The effect of
polyelectrolyte layers in the release properties was also evaluated, at 50 % (v/v)

of ethanol at 25 °C. From the parameters presented in Table 4.2 it can be
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observed that relaxation was the phenomenon responsible for curcumin release
(Mg > Mg). Ethanol is a water-soluble solvent that has the ability to modify the
bulk physicochemical properties of aqueous solutions, such as density,
refractive index, and interfacial tension, while changing their structural
properties, such as the optimum curvature, solubility, and phase behaviour
(Saberi et al., 2013). Due to this, ethanol may induce surfactant and polymer
relaxation. Ethanol it is also known for its ability to create pores; although not
fully understood, it may be related to a partial removal of the hydration water
between surfactants and polyelectrolytes, resulting in segregation of the
surfactant or polyelectrolyte network in the presence of ethanol (Delcea et al.,
2011). Figure 4.10c shows that the creation of the multilayer on the
nanoemulsion did not slow down the initial burst phase, nevertheless, after 4 h
(240 min) a reduction in the released curcumin was observed, while reducing
the final amount of released curcumin, from My= 82.37 to M= 106.76 ug, for
multilayer nanoemulsion and nanoemulsion respectively. A similar behaviour
was described by Sharipova and co-workers (in press), which observed that the
build-up of polymer-surfactant complexes leads to a decrease in the release of
a-tocopherol, promoting the release of a-tocopherol during 80 h. Nevertheless,
in that work the emulsion used as control showed an initial burst up to 100 % of
the encapsulated a-tocopherol within 1 h, due to the instability of the emulsion
in the ethanol mixture (Sharipova et al., in press). Table 4.2 shows that Mg of
curcumin released from nanoemulsions is higher (100.98 ug) than that obtained
from multilayer nanoemulsions (77.37 ug). The addition of the polyelectrolyte
layers may slow down the partial removal of the hydration water between
surfactants and polyelectrolytes, which resulted in the segregation of the
polyelectrolyte network, in the presence of ethanol. Moreover, a solvent like
ethanol plays an important role in the establishment of hydrogen bonds (Delcea
et al., 2011). As showed in FTIR section, the construction of the multilayer
nanoemulsions showed hydrogen bonds between alginate and chitosan, that in
the presence of ethanol may be disrupted, explaining the lower amount of
curcumin released into the acceptor medium.

The influence of the acceptor medium was also evaluated. The experimental
data and parameters present in Figure 4.10d and Table 4.2 show that

considerably higher amounts of curcumin were released from the
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nanoemulsions, when 50 % (v/v) ethanol was used as the acceptor medium,
achieving a Mt of 106.76 ug, while for the 5 % (v/v) SDS, the Mt was 41.13 ug.
These differences may be explained by the ability of ethanol to create pores in
the nanosystems, increasing the amount of released curcumin, due to the
partial removal of hydration water between the surfactants (Delcea et al., 2011).
This effect is even more pronounced when observing the multilayer
nanoemulsions release profile, while the polyelectrolytes in the SDS medium
were able to maintain the curcumin entrapped, avoiding the relaxation
phenomena, ethanol through hydrogen-bound disruption and pore creation

ability, leading to an M+ of 82.37 ug.
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4.3.6 Nanosystems stability under storage conditions

Curcumin  nanoemulsions and multilayer nanoemulsions showed no
macroscopic sign (visual observation) of instability phenomena (i.e. creaming or
phase separation) after three months of storage. The results show that
curcumin nanoemulsions and multilayer nanoemulsions maintained the values
of Hq and PdI (Figure 4.11) during storage. Results showed that after storage Hg
values did not present statistically significant (p>0.05) differences when
compared to the values obtained immediately after production (see Figure
4.11).
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Figure 4.11 — Hydrodynamic diameter (Hy) and polydispersity index (Pdl) during 60 days of
storage. Bars indicate standard deviation (n = 3). Lines are for readers’ guidance and do not

represent a model prediction.
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4.4 Conclusions
Layer-by-layer assembly could successfully change the surface characteristics
of nanoemulsions. These nanosystems showed stability under storage
conditions in terms of Hy and Pdl, being stable to changes in temperature and
being pH-responsiveness. From QCM measurements it is possible to conclude
that deposition of chitosan and alginate results in the formation of a stable
multilayer structure, mainly due electrostatic interactions between the
polyelectrolytes, while FTIR showed that interactions such as hydrogen bonds
might also be involved. Fitting the linear superimposition model to experimental
data of curcumin release suggested an anomalous behaviour, being relaxation
of the polymers/surfactant the main transport phenomenon observed. This work
clarifies the release mechanism involved when two different acceptor media are
used, enlightening the impact of temperature, solvent and surface properties in

the controlled release.
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5.1 Introduction

Consumers’ demands for new and healthier functional food products
encouraged the food industry to seek for new strategies to fortify food products
with bioactive compounds, with increased nutritional value, turning foods into
products that promote health and wellness (Cerqueira et al., 2013; Silva et al.,
2012; Silva et al., 2015b). Many of these bioactive compounds are lipophilic
often resulting in low bioavailability, whereas some are pH- and temperature-
sensitive, being prone to oxidative and chemical degradation (Guttoff et al.,
2015; Mayer et al., 2013; McClements, 2015; Zou et al., 2015). Lipid-based
delivery systems can be designed to encapsulate, protect, control the release
and digestion of lipophilic bioactive compounds in the gastrointestinal tract,
while improving their bioavailability (Li et al., 2010; McClements & Li, 2010; Sun
et al., 2015). In this field nanoemulsions can inhibit the chemical and oxidative
degradation of bioactive compounds, moreover their large surface area can
enhance lipid digestibility rates, improve the release of bioactive compounds,
promote the faster formation of mixed micelles, while enhancing the
permeability of bioactive compounds across the mucus layer and epithelium
cells (Cerqueira et al., 2014; Sun et al., 2015; Ting et al., 2014). Nonetheless,
nanoemulsions present some drawbacks, and their stability can be influenced
by their behaviour towards dehydration, temperature changes (e.g. heating,
chilling and freezing-thawing) and the passage through the gastrointestinal tract
(Cerqueira et al., 2014; Silva et al., 2015a). Multilayer nanoemulsions can
improve the stability of nanoemulsions under environmental stresses, while
controling lipids digestibility and release of bioactive compounds in response to
specific environmental triggers (Cerqueira et al., 2014; Li et al., 2010; Pinheiro
et al., 2016). Multilayer nanoemulsions can be produced using the LbL
technique, based on the deposition of charged polyelectrolytes onto oppositelly
charged lipid droplets (Li et al., 2010; Pinheiro et al., 2016). The characteristics
of a multilayer nanoemulsion are known for being largely influenced by the
properties of the outer polyelectrolyte layer, such as molecular weight, charge
density, ionic composition and pK,. However, the functional properties can be
designed according to the type of polyelectrolyte, sequence of the

polyelectrolyte layers, number of layers and the conditions to which the solution
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is subjected during the construction of the system (Li et al., 2010). The proper
selection of the lipid nanosystem should be based on the final application. For
instance, lipid-based nanosystems can be used to increase the bioavailability of
bioactive compounds, trigger the controlled release at specific locations within
the gastrointestinal tract or be designed to slow down the digestability rate of
lipids, being able to stimulate ileal brake mechanism responsible for regulating
hunger, satiety and satiation, thereby reducing the caloric intake of food
products (Li et al., 2010; Maljaars et al., in press; Pinheiro et al., 2016). In fact,
the higher specific area of nanoemulsions allows the increase of the rate and
extent of lipids digestion, which make them interesting for addressing humam
disorders that inhibit lipid digestion or absorption (Troncoso et al., 2012). On the
contrary, changing the interfacial properties through the deposition of
polyelectrolyte layers may help controlling lipid’s digestibility by enhancing the
coating integrity, preventing lipase and other enzymes from reaching the
encapsulated lipids (McClements & Li, 2010; Troncoso et al., 2012). Therefore,
the understanding of the behavior of lipid-based nanosystems within the
gastrointestinal tract is of great importance, being important for the development
of tailored lipid nanosystems (Pinheiro et al., 2016). With this view the main
purpose of this study was to evaluate the influence of the interfacial composition
of nanoemulsions on their behavior under in vitro gastrointestinal conditions.
The cytotoxicity of the developed nanosystems was also evaluated prior to in

vitro digestion.

5.2 Materials and Methods

5.2.1 Materials

Neobee 1053 medium chain triglycerides (MCTs), composed by caprylic/capric
triglyceride oil with a fatty acid distribution of 55 % of C8:0 and 44 % of C10:0,
was kindly provided by Stepan (The Netherlands) and was used without further
purification. SDS, curcumin (Mw = 368.38 Da), DPPH, pepsin from porcine
gastric mucosa (600 U mL™), lipase from porcine pancreas (40 U mL™),
pancreatin from porcine pancreas (8 x USP), bile extract porcine and the salts

used for preparing the gastric and small intestinal electrolyte solutions,

158



Silva, H.D. (2015)

hydrochloric acid, sodium bicarbonate, Nile Red 9-diethylamino-5H-
benzo[a]phenoxazine-5-one and dimethyl sulfoxide were purchased from
Sigma-Aldrich (St Louis, MO, USA). Chitosan (deacetylation degree = 95 %)
was purchased from Golden-Shell Biochemical CO., LTD (Zhejiang, China) and
sodium alginate with Mw = 15,900 Da and viscosity = 200 cp (1 % aqueous
solution with Brookfield Model LV — 60 rpm at 25 °C) from Manutex RSX, Kelco
104 International, Ltd. (Portugal). Lactic acid (90 %) was purchased from Acros
Organics (Geel, Belgium). Sodium hydroxide and phenolphthalein were
obtained from Panreac (Barcelona, Spain). Chloroform was obtained from
Fisher Scientific (NJ, USA) and acetone from Fisher Chemical (Loughborough,
UK). All cell culture media and supplements, namely RPMI 1640, Fetal Bovine
Serum (FBS), Penicillin-Streptomycin (PS) and trypsin/EDTA, were obtained
from Invitrogen (Paisley, UK). For cytotoxicity experiments phosphate buffered
saline (PBS) powder was purchased from Sigma-Aldrich (St. Louis, USA) and
CellTiter 96® AQueous One Solution Cell Proliferation Assay was obtained from
Promega (Wisconsin, USA). Distilled water (Milli-Q apparatus, Millipore Corp.,

Bedford, MA, USA) was used to prepare all solutions.

5.2.2 Experimental Procedures

5.2.2.1 Preparation of curcumin nanosystems

5.2.2.1.1 Curcumin nanoemulsion preparation

Oil-in-water (O/W) nanoemulsions were prepared according to (Silva et al.,
2015b), with slight modifications. Briefly, 0.1 % (w/w) of curcumin was
solubilized at 90 °C in MCTs during 30 min. The oil-to-aqueous phase
containing 1 % (w/w) of SDS in distilled water. An oily phase to aqueous phase
volume ratio of 1:9 was used. The nanoemulsions were pre-mixed during 2 min
at 5000 rpm using an Ultra-Turrax homogenizer (T 25, Ika-Werke, Germany)
followed by 20 cycles of homogenization through a high-pressure homogenizer
equipped with a zirconia nozzle (Z4 nozzle) with 100 um of orifice (Nano
DeBEE, BEE International, USA) at 15000 Psi (103 MPa).
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5.2.2.1.2 Curcumin multilayer nanoemulsion preparation

The multilayer nanoemulsions were produced according to chapter 4 through
adsorption of consecutive deposition of layers of polyelectrolytes onto the
curcumin nanoemulsions using the LbL electrostatic deposition technique. The
saturation method was applied, i.e. the layers were constructed by subsequent
adsorption of polyelectrolytes from their solutions without the intermediate
rinsing step. Briefly, anionic curcumin nanoemulsions were coated with
alternating layers of positively charged chitosan solution at pH 3 and negatively
charged sodium alginate at pH 7 (volume ratio of 1:1, respectively) until the
desired number of biopolymer layers was achieved. The polyelectrolyte
solutions were used at pH values where the polyelectrolytes were strongly
charged and added dropwise with a syringe pump (NE-1000, New Era Pump

Systems, Inc., USA) to fresh curcumin nanoemulsions, under stirring for 15 min.

5.2.2.2 Nanosystems size measurements

The patrticle size distribution and polydispersity index (Pdl) of nanoemulsions
and multilayer nanoemulsions were determined using Dynamic Light Scattering
(DLS) (Zetasizer Nano ZS-90, Malvern Instruments, Worcestershire, UK). The
nanoemulsion samples were diluted 10x in distilled water at room temperature.
Data were reported as the mean droplet diameter (hydrodynamic diameter, Hy).
Pdl is a dimensionless and indicates the heterogeneity (monodisperse or
polydisperse) of particles’ size in a mixture (Malvern, 2011). Each sample was
analysed in a disposable polystyrene cell (DTS0012, Malvern Instruments). The
measurements were performed in duplicate, with three readings for each of
them. The results are given as the average + standard deviation of the six
values obtained (Rao & McClements, 2013; Silva et al., 2011).

5.2.2.3 Nanosystems charge measurements

The droplet charge (Zp) of the nanoemulsions and multilayer nanoemulsions
was determined using a particle micro-electrophoresis instrument (Zetasizer
Nano ZS-90, Malvern Instruments, Worcestershire, UK). Samples were diluted
100x in distilled water prior to measurements in order to avoid multiple

scattering effects at ambient temperature and the diluted emulsions were
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placed into disposable capillary cells (DTS 1060, Malvern Instruments) (Ozturk
et al., 2014; Rao & McClements, 2013).

5.2.2.4 Nanosystems stability and curcumin release at gastrointestinal
conditions

The stability of curcumin nanosystems under gastrointestinal environmental
conditions was evaluated by the dialysis method. 2 mL of aqueous curcumin
nanosystems were added into a dialysis membrane (molecular weight cut-off
15 kDa; Cellu-Sep H1, Membrane filtration products, USA). The sealed dialysis
membrane was then placed into 50 mL of buffer solution (phosphate buffer,
PBS, for pH 7.4 and KCI-HCI buffer for pH 2) under magnetic stirring at 37 °C.
At appropriate time intervals, 0.5 mL of supernatant were taken and 0.5 mL of
fresh acceptor medium was added to keep the volume of the release medium
constant. The stability of the nanosystems and the released amount of curcumin
from the nanosystems was evaluated by measuring the Hy after 54 h and the
absorbance at 425 nm, maximum absorbance peak (Elisa Biotech Synergy HT,

Biotek, USA), respectively. All tests were run at least in duplicate.

5.2.2.5 In vitro digestion

5.2.2.5.1 Dynamic gastrointestinal model

A dynamic gastrointestinal system was used for the in vitro digestion
experiments, using the model developed by Pinheiro et al. (2016). This model
simulates the main events that occur during digestion and consists of four
compartments simulating the stomach, duodenum, jejunum and ileum. Each
compartment consists of two connected glass reactors with a flexible wall inside
and water is pumped around the flexible walls to maintain the temperature at
37°C and to enable the simulation of the peristaltic movements (by the
alternate compression and relaxation of the flexible walls). The changes in
water pressure are achieved by peristaltic pumps, which alter the flow direction
according to the time controlling devices connected to them. The compartments
are connected by silicone tubes and, at a predefined time, a constant volume of
chyme is transferred. All compartments are equipped with pH electrodes and
pH values are controlled by the secretion of HCI (1 mol L™?) into the stomach

and NaHCO; (1 mol L) into the intestinal compartments. The gastric and
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intestinal secretions are added via syringe pumps at pre-set flow rates. The
jejunum and ileum compartments are connected with hollow-fibre devices
(SpectrumLabs Minikros®, M20S-100-01P, USA) to absorb digestion products
and water from the chyme and to modify electrolyte and bile salts concentration
of the chyme (Pinheiro et al., 2016; Reis et al., 2008). It should be noted that,
although at the mouth stage there may be changes in emulsions' size and
interfacial characteristics, influencing the emulsions' fate in the GI tract
(McClements & Xiao, 2012; Pinheiro et al., 2016), this phase was not included
because the sample is liquid (and therefore the mastication is not relevant and
the residence time in the mouth is very low) and does not contain starch (i.e. the
primary enzyme present in saliva, amylase, would not act) (Pinheiro et al.,
2016).

5.2.2.5.2 Experimental conditions

In vitro digestion was performed as described by other authors (Pinheiro et al.,
2016; Reis et al., 2008) with minor modifications. A volume of 40 mL of
curcumin and curcumin-loaded nanosystems (i.e. nanoemulsions and multilayer
nanoemulsions) was added to the dynamic gastrointestinal system (gastric
compartment) and run for a total of 5 h, simulating average physiological
conditions of Gl tract by the continuous addition of gastric, duodenal, jejunal
and ileal secretions. The gastric secretion consisted of pepsin and lipase in a
gastric electrolyte solution (NaCl 4.8 g L™, KCl 2.2 g L™, CaCl, 0.22 g L™ and
NaHCOs; 1.5 g L), secreted at a flow rate of 0.33 mL min™®. The pH was
controlled to follow a predetermined curve (from 4.8 att=0to 1.7 att = 120
min) by secreting HCI (1 mol L™%). The duodenal secretion consisted of a mixture
of 4 % (w/v) porcine bile extract, 7 % (w/v) pancreatin solution and small
intestinal electrolyte solution (SIES) (NaCl 5 g L™*, KCl 0.6 gL* CaCl,0.25g L’
1Y secreted at a flow rate of 0.66 mL min™. The jejunal secretion fluid consisted
of SIES containing 10 % (v/v) porcine bile extract solution at a flow rate of
2.13 mL min™. The ileal secretion fluid consisted of SIES at a flow rate of
2.0mL min?. The pH in the different compartments of small intestine was
controlled by the addition of 1 mol L™* NaHCO3 solution to set points of 6.5, 6.8
and 7.2 for simulated duodenum, jejunum and ileum, respectively. During in

vitro digestion, samples were collected directly from the lumen of the different
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compartments (or jacket reactor), from the stomach, duodenal, jejunal and ileal
filtrates and from the ileal delivery. The jejunal and ileal filtrates and ileal
delivery were used to determine the bioaccessibility of curcumin. The samples
were analysed in terms of Hg, Zp and amount of released free fatty acids. Both
curcumin nanosystems were tested in the dynamic gastrointestinal model at

least in triplicate.

5.2.2.6 Microscopy

The morphology of nanosystems was evaluated by transmission electron
microscopy (TEM) (EM 902A, ZEISS, Germany) operating at 80 kV. TEM
samples were prepared by depositing the nanoemulsion suspensions on a
carbon-coated copper grid, and negatively stained with 1 % (w/v) uranyl acetate
for observation. Samples were air-dried prior to be analysed. Also, the oil
droplets in the emulsions were studied using an epifluorescence microscope
(BX51 OLYMPUS, Tokyo, Japan) with a x100 oil immersion objective lens.
Samples were stained with Nile Red (9-diethylamino-5H-benzo[a]phenoxazine-
5-one, 0.25 mg mL™? in dimethyl sulfoxide, 1:10 (dye:sample, v/v), which
enabled the oil droplets to become visible. Slides were prepared by taking 10 uL
of the stained emulsion solution and placing in a glass microscope slide and

covering with a glass cover slip.

5.2.2.7 Free fatty acids release

The extent of lipolysis was evaluated by determining the amount of free fatty
acids (FFA) released from curcumin nanoemulsions using a titration method
(Pinsirodom, 2005). Briefly, 5 mL of jejunal filtrate, ileal filtrate and ileal delivery
samples were collected and 10 mL of acetone were added to quench the
enzymes' activity, then three drops of 1 % (w/v) of phenolphthalein were added
as an indicator. A direct titration using 0.1 mol L™ NaOH was performed and the
volume of NaOH added until the titration end point was determined and used to
calculate the concentration of FFA produced by lipolysis. Therefore, the
percentage of FFA released was calculated from the number of moles of NaOH
required to neutralize the FFA divided by the number of moles of FFA that could
be produced from triglycerides if they were all digested (assuming 2 FFA

produced per 1 triacylglycerol molecule) (Li et al., 2011):

163



CHAPTER 5
EVALUATING THE EFFECT OF SURFACE COMPOSITION ON CURCUMIN NANOEMULSIONS DURING IN VITRO DIGESTIONS

% FFA = 100 X <”N”"” X Maon X M”"’"") Eq. 5.1

Wiipid X 2

where Vnaon IS the volume of sodium hydroxide required to neutralize the FFA
generated (in mL), mnaon IS the molarity of the sodium hydroxide used (in mol L
b, Wiipids IS the total weight of MCTs oil initially present and Miiq is the molecular
weight of the MCTs oil (based on their average fatty acid composition, the

molecular weight of MCTs oil was considered to be 503 g mol™).

5.2.2.8 Curcumin bioaccessibility

It is assumed that the fraction of the original curcumin that ended up in the
micelle phase was a measure of curcumin bioaccessibility (Ahmed et al., 2012;
Pinheiro et al., 2016) and that the mixed micelles that contained the
bioaccessible curcumin fraction were able to pass the hollow-fibore membranes
(i.e. corresponds to jejunal filtrate and ileal filtrate samples), while undigested
emulsions were retained (Minekus et al., 2005; Pinheiro et al., 2016). Curcumin
bioaccessibility was determined based on the methodology described by other
authors (Ahmed et al., 2012; Pinheiro et al., 2016). Briefly, 5 mL of the sample
(jejunal or ileal filtrate) were vortexed with 5 mL of chloroform, and then
centrifuged (Sigma 4K15, Germany) at 651 g, at room temperature, for 10 min.
The bottom chloroform layer was collected and the extraction procedure was
repeated with the top layer. The second bottom chloroform layer was added to
the previously set aside chloroform layer, mixed, and analysed in a UV-VIS
spectrophotometer (Elisa Biotech Synergy HT, Biotek, USA) at 425 nm
(maximum absorbance peak of curcumin). The concentration of curcumin was
determined from a previously prepared calibration curve of absorbance versus

curcumin concentration in chloroform.

5.2.2.9 Antioxidant activity of curcumin

The free-radical scavenging capacity of curcumin and curcumin nanosystems
was analysed using the DPPH test according to the method described by
Pinheiro et al (2015), with some modifications. Briefly, 0.2 mL of ethanol and

0.3 mL of the curcumin dissolved in ethanol (concentrations ranging from 0.05
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to 5.0 mg mL™) or curcumin from the digested nanosystems were mixed in a
10 mL test tube with 2.5 mL of DPPH (60 pmol L™ in ethanol), achieving a final
volume of 3.0 mL. For the antioxidant activity of curcumin during the digestion
steps, nanosystems without curcumin were used as controls. The solution was
kept at room temperature for 30 min and the absorbance was measured at
517 nm (Pinheiro et al., 2015; Rufino et al., 2007; Souza et al., 2012).

The DPPH scavenging effect was calculated as follow:

Scavenging e f fect (%) = w

0

x 100 Eq. 5.2

where Ap is the absorbance at 517 nm of DPPH without sample, As is the
absorbance at 517 nm of sample and DPPH and A, is the absorbance at
517 nm of sample without DPPH. The absorbance measurements were
performed in Elisa Biotech Synergy HT (Biotek, USA) (Pinheiro et al., 2015).

5.2.2.10 Cell culture

The human colon carcinoma Caco-2 cells were purchased from Deutsche
Sammlung von Mikroorganismen und Zellkulturen (DSMZ, Braunschweig,
Germany). This cell line, originally obtained from human colon adenocarcinoma,
undergoes in a process of spontaneous differentiation that leads to the
formation of a monolayer of cells, expressing several morphological and
functional characteristics of the mature enterocyte (Sambuy et al., 2005). Caco-
2 cells were routinely grown in a standard medium: RPMI 1640 supplemented
with 10 % (v/v) of inactivated FBS and 1 % (v/v) of PS. Stock cells were
maintained as monolayers in 80 cm? culture flasks. Cells were subcultured
every week at a split ratio of 1 to 4 by treatment with trypsin/EDTA (0.25 %) and
incubated at 37 °C in a 5 % CO, humidified atmosphere. For cytotoxicity

experiments cells were used between passages 40 and 50.

5.2.2.11 Cytotoxicity assay
Caco-2 were harvested and seeded in 96-well plates at a density of 2 x 10*
cells/well and the medium was changed every 48 h. After cells reach confluence

(~96 hours), 100 yL of nanoemulsion or multilayer nanoemulsions were added
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to cells in a concentration ranging between 0.15 and 4.75 pg of curcumin mL™.
Also, the components of the nanosystems (curcumin, SDS and chitosan) were
tested for toxicity in Caco-2 cell line. The curcumin stock solution was prepared
in pure ethanol while the SDS and chitosan stock solutions were prepared in
distilled water, all at a final concentration of 4 mg mL™. After 4 h of incubation at
37 °C in a5 % CO; humidified atmosphere cells were rinsed twice with PBS to
remove traces of samples and 100 pL of a CellTiter 96° AQueous One Solution
Cell Proliferation Assay reagent (MTS) previously diluted in RPMI 1640 medium
was added to each well and left to react for 2 hours. MTS is bio-reduced by
cells into a colored formazan product that is soluble in tissue culture medium.
The quantity of formazan produced was measured spectrophotometrically at
490 nm in a microplate reader (EPOCH, Bio-Tek, USA) and is directly
proportional to the number of living cells in culture. Results were expressed in
terms of percentage of cellular viability relative to a group control (cells only with
RPMI medium). Experiments were performed in triplicate in three independent

assays.

5.2.3 Statistical procedures

5.2.3.1 Data analyses

Data analyses were performed using Microsoft Windows Excel 2011, using the
Tukey's Multiple Comparison Test with a confidence interval of 95 % in
GraphPad Prism 5 (GraphPad Software, Inc.) and using ANOVA in
STATISTICA 7.0 (Statsoft, Tulsa, OK, USA).

5.3 Results and Discussion

5.3.1 Curcumin nanosystems

5.3.1.1 Curcumin nanosystems characteristics

The process conditions used for the development of the nanoemulsions were
established in chapter 3, and lead to a final mean droplet diameter of
80.0 £ 0.9 nm, being patrticularly efficient for the development of small droplet
sizes (<100 nm). Pdl and Zp values were 0.177 + 0.009 and -65.8 + 5.8 mV,

respectively.
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The LbL technique was applied for the development of the multilayer
nanoemulsion, being chitosan, alginate and chitosan subsequently deposited (in
this order) onto the nanoemulsions under magnetic agitation. The final
polyelectrolyte concentrations onto the nanoemulsions were determined using
the saturation method. The multilayer nanoemulsion produced in chapter 4 was
used in this chapter, with a Hq of 130 = 1.5 nm, a Pdl of 0.237 £ 0.004 and a Zp
of 10.4 + 0.9 mV. The concentration of the encapsulated curcumin within the
nanosystems was 78 + 0.8 pyg mL™. Figure 5.1 (Initial) presents the TEM
microphotographs of the nanoemulsion and multilayer nanoemulsion,
confirming the development of the nanosystems and validating the mean

droplet diameters obtained by DLS.
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Figure 5.1 — TEM microphotographs of nanosystems (nanoemulsion and multilayer
nanoemulsion) negatively stained with uranyl 1 % w/w and epifluorescence microphotographs
of nanosystems stained with Nile Red, as they undergo the different stages of dynamic in vitro
digestion. The scale bars of TEM and epifluorescent images are 400 nm and 20 um,

respectively.

5.3.2 Evaluation of nanosystems responsiveness under gastrointestinal
conditions

The stability/responsiveness of the nanosystems under gastrointestinal pH
conditions, i.e. pH 2 and 7.4 at 37 °C, was assessed through release assays by
measuring the absorbance of curcumin in the acceptor media. After 54 h of
release assays, the Hy and Pdl of the nanosystems were also determined and
changes in their structural characteristics were evaluated. At the tested
conditions, both nanosystems were unable to release curcumin. This was

confirmed by measuring the content of curcumin in the acceptor media, which
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was 0 ug mL™ (below the detection limit of 0.01 + 0.001 ug mL™) and by
measuring the curcumin that remained encapsulated (77.5 + 1.5 pug mL™),
which did not show any significant difference when compared with the curcumin
initially present within the nanostructures (77.9 + 0.8 yg mL™). Regarding size
stability, at pH 7.4 the nanosystems showed the ability to maintain their initial
size (p>0.05), after 54 h of assay, with 82.3 + 1.7 nm for the nanoemulsion and
139.8 £ 9.4 nm for the multilayer nanoemulsion. At this pH, above the pK, of
chitosan, the amino groups are entirely deprotonated and could contribute to
loss of solubility of the chain segments (Vachoud et al., 2000). It is also possible
that chitosan layers held some positive charge at pH 7.4; previous works
showed that when polyelectrolyte chains are entangled between oppositely
charged polyelectrolytes, the pK, of the charged groups can considerably
change, increasing the stability of the multilayer nanoemulsion to pH changes
(Burke & Barrett, 2003a, b; Li et al., 2010). At pH 2, the nanosystems presented
signs of creaming and phase separation, being unstable at this pH after 54 h of
assay. At pH values below the pK, of the carboxylic acid groups present in
alginate these groups are deprotonated, thereby the alginate layer could desorb
from the droplets’ surface, inducing phase separation (Harnsilawat et al., 2006;
Li et al., 2010). Also the low solubility of curcumin in aqueous systems, reported
to be 11 ng mL™? (Zhao et al., 2012) could explain the lack of curcumin release
to both acceptor media, since sink conditions were not established (Jelezova et
al.,, 2015). Nevertheless, this assay allows understanding the stability of
developed nanosystems under the pH values used in the in vitro gastrointestinal

system.

5.3.3 Dynamic in vitro digestion

The development of multilayer nanoemulsions by LbL allows to modify the
surface composition of the nanoemulsion systems, offering the possibility to
increase their stability under gastrointestinal tract conditions, while delaying lipid
digestion (Hu et al., 2011; Klinkesorn & Julian McClements, 2010; Yang et al.,
2014). The aim of these experiments was to evaluate the influence of
polyelectrolytes layers in the behaviour of the nanosystems within the

gastrointestinal tract.
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5.3.3.1 Influence of polyelectrolytes on nanosystems behaviour during in vitro
digestion

The effect of the polyelectrolytes layers in the nanosystem values of Hy, Pdl, Zp
and morphology were evaluated at each stage of the in vitro digestion. As
stated before, the initial droplet diameters were 80 nm and 130 nm for the
nanoemulsion and multilayer nanoemulsion, respectively. At the stomach stage,
a increase of Hy of the nanoemulsion system was observed, from 80 nm to
104.1 + 5.9 nm (please see Figure 5.2). On the contrary, a significant increase
in the Pdl was observed from 0.180 to 0.380 + 0.05, which evidences the
occurrence of coalescence phenomena, further confirmed by the
epifluorescence microscopy (Figure 5.1 — stomach). For the multilayer
nanoemulsion was observed an increase of the Hy values to 214.9 + 27.6 nm
under gastric conditions. This increase and the higher Pdl values observed
(0.572 £ 0.190) reveals that phenomena of coalescence occurred. This was
confirmed by the epifluorescence microscopy (Figure 5.1 — stomach) although
the TEM micrographs show that droplets in the nano-size range are still
present. The behaviour of the multilayer nanoemulsion is related with the
interfacial effect of the layers. One explanation could be the deprotonation of
alginate under gastric conditions, which starts to desorb from the droplets
surface inducing phase separation in this stage (Harnsilawat et al., 2006; Li et
al., 2010). Also under gastric conditions nanoemulsion droplets have a highly
negative charge of -64 + 8 mV (Figure 5.3), exhibiting a strong electrostatic
repulsion between them, able to avoid droplets flocculation, coalescence and
aggregation. In contrast, the multilayer nanoemulsions present low Zp values
(17.5 £ 1.3 mV, Figure 5.3), and despite of the electrical repulsion, the forces
involved are not enough to completely inhibit the coalescence phenomena. The
electrostatic attraction between alginate (inner layer) and chitosan (outer layer)
is weakened due the partial loss of charges that alginate undergoes at acidic
pH, below the alginate pK,, leading to some aggregation of the particles that
was visible through epifluorescence microscopy shown in Figure 5.1 (Pinheiro
et al., 2016; Tokle et al., 2012; Tokle et al., 2010). The electrical charge of the
multilayer nanoemulsion becomes more positive in the stomach, which is
justified by various phenomena, such as: the increase of the electrical charge of

chitosan due to pH and ionic strength of the solutions, maintaining the
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electrostatic repulsion between polyelectrolytes and surfactant; adsorption of
enzymes from the gastric solution to the chitosan outer layer; or polyelectrolytes
displacement by the active materials present in the gastric solution (Hur et al.,
2009; Pinheiro et al., 2016). TEM micrographs show that multilayer
nanoemulsions have particles within the nano-size range; this might be
explained by the alginate layer retaining some negative charges, despite at
these conditions their electrical charge should be nearly 0 mV. When charged
groups of polyelectrolytes are entangled between two or more oppositely
charged polyelectrolytes, a change in the pK, values can occur, increasing the
stability of multilayers to changes in pH (Burke & Barrett, 2003a, b; Li et al.,
2010).

- . . .
10000 Nanoemulsion Multilayer nanoemulsion

1000

il

Initial StomachDuodenum Jejunum lleumf. Illeumd.

H, (nm)

Figure 5.2 — Hydrodynamic diameter (Hy) of the nanosystems (nanoemulsion and multilayer
nanoemulsion) as they undergo the different stages of dynamic in vitro digestion. The results
are presented as the mean values of triplicate experiments. For better reading the vertical axis

is on log scale. lleum f. — lleum filtrate; lleum d. — lleum delivery

Under intestinal conditions, both nanosystems exhibited an increase of Hyq and
Pdl values, possibly due to particle aggregation either by flocculation or
coalescence of droplets (Figure 5.2). At the duodenal stage, the Hq, increased
to 168.5 + 44.1 nm and the Pdl was 0.42 = 0.12 for the nanoemulsion system

with a Zp value of -44.1 £ 8.8 mV. For multilayer nanoemulsion the Hyg
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increased to 292.3 + 53.5 nm with a Pdl of 0.65 + 0.28 and a Zp of -23.3 + 2.9
mV. The microscopic evaluation (Figure 5.1 - duodenum) showed that at the
duodenum stage, both nanosystems still exhibited droplets at the nano-scale,
but at the same time exhibits droplets at the micro-scale, which confirms the
wide droplet size distribution indicated by the PdI value. The jejunal secretion
promots the increase of the Hy values of both nanosystems, to 681.2 + 47.6 nm
and 586.9 = 101.8 nm for nanoemulsion and multilayer nanoemulsion,
respectively. lleal filtrate and ileal delivery exhibited higher Hy than the jejunal
filtrate. At these stages of digestion, Hy values ranged between 1 and 2 um
where observed (Figure 5.2). However, TEM analyses showed that non-
digested nanosystems were still present in the jejunum and ileum stages; these
can contribute to the high values of Pdl (higher than 0.5). The largest increase
in the Hy observed at small intestine conditions may be due to the fact that bile
salts are able to displace surfactants and polyelectrolytes from the droplets
surface and lipase may induce the hydrolysis of the triacylglycerol molecules
present into free fatty acids (FFA), monoacyglycerides and/or diacylglycerides
(Pinheiro et al., 2016). Also, this hydrolysis can generate structures such as

micelles, vesicles or other colloidal structures (Mu & Hgy, 2004).
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Figure 5.3 — Zeta potential values (Zp) of the nanosystems (nanoemulsion and multilayer
nanoemulsion) as they undergo the different stages of dynamic in vitro digestion. The results
are presented as the mean values of triplicate experiments. lleum f. — lleum filtrate; lleum d. —

lleum delivery

Results showed that the electrical charges (expressed by the Zp values) at
these stages of the digestion decreased in the case of nanoemulsion and
completely changed in the case of the multilayer nanoemulsion (from positive to
negative values), reaching a relatively constant value between -25 mV and -
20 mV (Figure 5.3). These changes suggest that the bile salts or free fatty acids
adsorbed to the surface of the nanoemulsions or to the surface of the chitosan
layer present in the multilayer nanoemulsion or that the presence of the bile
salts or free fatty acids promoted the displacement of the surfactant and
polyelectrolytes from the droplets surface (Klinkesorn & Julian McClements,
2010; Salvia-Trujillo et al., 2015; Zou et al., 2015). From jejunum to ileum
delivery stages of the digestion there were no significant differences (p>0.05)

between the Zp values for both nanosystems.

5.3.3.2 Influence of polyelectrolytes on lipids digestion
The effect of the polyelectrolytes layers on the lipids digestion was evaluated by
the hydrolysis of the triacylglycerol molecules into free fatty acids (FFA) at each

stage of the small intestine digestion. The addition of the polyelectrolyte layers
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to nanoemulsions had a significant effect on the extent of lipid digestion,
reducing (p<0.05) the overall of FFA released (Figure 5.4), achieving 71.3 *
3.5% and 52.3 £ 10.6 % for nanoemulsion and multilayer nanoemulsion,
respectively. This suggests that the presence of the layers in the multilayer
nanoemulsion delayed lipid digestion, slowing down the release rate of the FFA.
For both jejunal and ileal filtrate fractions lower amount of FFA was observed for
the multilayer nanoemulsions when compared to the curcumin nanoemulsions,
being these results in agreement with previous studies (Pinheiro et al., 2016).
The decrease of the FFA release when using polyelectrolytes layers can be
explained by the ability that bile salts have to form electrostatic complexes with
the chitosan outer layer, reducing the digestibility of the lipids by sterically
hindering the lipase, and thus their influence in the lipids phase (Klinkesorn &
Julian McClements, 2010; Klinkesorn & McClements, 2009). Another possible
justification is that at this stage of the digestion, since the cationic functional
groups of chitosan have a pK, value around pH 6.5, chitosan could lose most of
its charges and form large chitosan aggregates that would impede the access of
lipase to the lipids (Zhang et al., in press). Also, the presence of calcium ions
that have a strong ability for binding with alginate may slow down the digestion
of the FFA (Hu et al., 2010; Pinheiro et al., 2016). These results suggest that
the addition of chitosan and alginate layers surrounding hanoemulsions may be
useful to control the rate of lipid digestion and FFA adsorption within the
gastrointestinal tract, delaying the lipids digestion. These findings could be
important for the design of structures that are able to decrease the rate of lipids
digestion, increasing the amount of undigested food at ileum, which can
encourage the ileal brake mechanism responsible for the regulation of hunger,
satiety and satiation, while also reducing the caloric content of food products (Li
et al., 2010; McClements, 2010; McClements & Li, 2010).
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Figure 5.4 — Percentage of free fatty acids (FFA) released from the nanosystems
(nanoemulsion and multilayer nanoemulsion) as they undergo the different stages of dynamic in

vitro digestion. The results are presented as the mean values of triplicate experiments.

5.3.3.3 Influence of polyelectrolytes on curcumin bioaccessibility

The bioaccessibility of curcumin after digestion at jejunum, ileal filtrate and ileal
delivery was studied for both nanosystems, being measured as the curcumin
concentration presented in mixed micelles. Curcumin bioaccessibility increased
during the digestion time (Figure 5.5), resulting in higher (p<0.05)
bioaccessibility values for the nanoemulsion (43.64 + 6.36 %) when compared
to the values obtained for the multilayer nanoemulsion (26.98 + 3.99 %). One
possible explanation for this result can be the fact that polyelectrolyte layers
were efficient in protecting the release of curcumin from the multilayer
nanosystems, leading to undigested nanosystems able to retain curcumin;
another explanation is the presence of less mixed micelles, which are
necessary to solubilise the curcumin (Salvia-Trujillo et al., 2013; Zhang et al., in
press). Another hypothesis is the fact that multilayer nanoemulsions, due to
their larger sizes when compared to the nanoemulsion (130 nm to 80 nm), have
a lower surface area, decreasing the bioaccessibility. This effect could be
attributed to a lower amount of lipase present per mass of lipids (Salvia-Trujillo
et al., 2013).
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For both nanosystems the determined amount of curcumin was similar between
the jejunal and ileum filtrates. However, nanoemulsions presented significantly
higher concentrations of curcumin at both jejunal and ileum filtrate. These
results are in agreement with FFA release results (Figure 5.4), i.e. both
nanosystems had similar amounts of FFA found in those fractions. A crucial
step for the bioavailability of bioactive compounds is the access of lipases to
lipids, if there are no statistical differences between the FFA in the jejunal and
ileal filtrate, there should not be statistical differences in the bioaccessibility of
curcumin between jejunal and ileal compartments. Also, the digestion products
can be part of the mixed micelles, increasing the solubility of curcumin and thus
increasing the bioaccessibility in the small intestine (Pinheiro et al., 2016; Porter
et al., 2007).
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Figure 5.5 — Percentage of bioaccessibility as the nanosystems (nanoemulsion and multilayer
nanoemulsion) undergo jejunal and ileal stages of dynamic in vitro digestion. The results are

presented as the mean values of triplicate experiments.

The bioaccessibility of free curcumin solubilised in MCTs was also evaluated
(data not shown), achieving only, 0.15 + 0.01 % at the jejunal filtrate, while there
was no evidence of curcumin at the ileal compartments. The reasons for the low
bioaccessibility of the free curcumin in MCTs can be attributed to the poor

solubility of curcumin in aqueous solutions, and to the lack of mixed micelles for
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the solubilisation of curcumin and residues of curcumin that were found to be
adhered to the dynamic digestion model walls after the digestion was
completed, specially in the duodenum stage.

TEM micrographs showed that undigested nanosystems were still present after
the in vitro digestion; due to this, the concentration of curcumin was measured
at every stage of the digestion, from stomach to ileal delivery. Figure 5.6 shows
the decrease of curcumin concentration with the digestion time, which is
explained by the dilutions made due to the addition of gastric and intestinal
secretions. Results showed that in the ileum filtrate the concentration of
curcumin present in the multilayer nanoemulsion is significantly higher (p<0.05)
than the concentration of curcumin present in the nanoemulsion (Figure 5.6).
Under ileal conditions, curcumin is prone to chemical degradation; this result
suggests that the multilayer nanoemulsion has the ability to protect (at least
partially) the curcumin and encapsulated lipids from the action of lipase and bile

salts and/or chemical degradation (Ting et al., 2014; Zou et al., 2015).
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Figure 5.6 — Curcumin concentration during the different stages of dynamic in vitro digestion of
the different nanosystems (nanoemulsion and multilayer nanoemulsion). The results are
presented as the mean values of triplicate experiments. lleum f. — lleum filtrate; lleum d. — lleum

delivery
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5.3.3.4 Influence of polyelectrolytes in the antioxidant activity of curcumin

Figure 5.7 shows curcumin antioxidant activity, determined as the radical
scavenging activity of curcumin according to the DPPH assay. Results showed
that curcumin radical scavenging activity decreased during in vitro digestion,
from 27.01 =+ 1.39 % to 1.51 £ 0.12 % for the nanoemulsion and from 23.30 +
1.27 % to 6.88 = 0.87 % in the case of the multilayer nanoemulsions. The
decrease of the antioxidant activity of curcumin could be explained by the
degradation of curcumin during digestion. Curcumin is prone to chemical
degradation at neutral pH and above, resulting in the formation of different
reaction products, as trans-6-(4"-hydroxy-3-methoxyphenyl)-2,4-dioxo-5-
hexanal, ferulic acid, feruloylmethane, and vanillin (Zou et al., 2015). Also other
factors, such as ionic strength, enzymatic degradation, mechanistic motilities or
free radicals (e.g. hydroxyl radicals), can theoretically contribute to the
degradation of curcumin and bioactive compounds (Ting et al., 2014).
Figure 5.7 shows that from jejunal filtrate to ileal delivery the degradation of
curcumin is significantly higher (p<0.05) for the nanoemulsions when compared
with multilayer nanoemulsions. This result suggests that the polyelectrolyte
layers are more effective in the protection of curcumin; explained by the fact
that polyelectrolyte layers are sterically hindering curcumin from enzymatic or
free radicals degradation. Nonetheless it may also be explained by the higher
size and lower surface area of the multilayer nanoemulsion; i.e. if there are a
lower surface area in contact with the surrounding aqueous phase, less
curcumin would be in direct contact with any catalysts that could trigger

curcumin degradation (Zou et al., 2015).
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Figure 5.7 — Antioxidant capacity of curcumin nanosystems expressed in percentage of the
radical scavenging activity (RSA) as the nanosystems undergo the different stages of dynamic

in vitro digestion. The results are presented as the mean values of triplicate experiments.

5.3.4 Cytotoxicity assay

The evaluation of the cytotoxicity of the nanosystems is of utmost importance
for safety reasons, if one of the objectives is the introduction of these
nanosystems into food products.

The cytotoxicity of both nanosystems and of some of the materials used for their
production were evaluated on the human colon adenocarcinoma Caco-2 cell
line by using the CellTiter 96® AQueous One Solution Cell Proliferation Assay
(MTS). The concentrations resulting in a 50 % decrease of cell viability, 1Csp,
were determined for the nanoemulsion, nanoemulsion multilayer and curcumin.
Although  curcumin  did not present any intrinsic  cytotoxicity
(> 4.75 pg curcumin mL™), the results showed that nanoemulsion and multilayer
nanoemulsion were toxic for Caco-2 cells after 4 h of incubation, with 1Cs
values of 1.125 + 0.028 and 1.128 + 0.079 ug nanosystem mL™, respectively,
equivalent to 0.855 + 0.02 pg curcumin mL™ and 0.858 + 0.06 pg curcumin mL™
for the nanoemulsion and multilayer nanoemulsion, respectively (Table 5.1). In
order to understand the cytotoxicity of the nanosystems the ICsy values for
chitosan and SDS were determined. Chitosan did not show any cytotoxicity in

the range of concentrations tested, relatively to the control (100 % of cell

179



CHAPTER 5
EVALUATING THE EFFECT OF SURFACE COMPOSITION ON CURCUMIN NANOEMULSIONS DURING IN VITRO DIGESTIONS

viability) after 4 h of incubation (> 31.25 of pg chitosan mL™, Table 5.1). The
ICso value determined for SDS was 34.30 + 2.18 pug SDS mL™*, which was 3.3-
fold lower than the ICsy values found for nanoemulsion and multilayer
nanoemulsion (112.48 + 2.81 ug SDS mL™" and 112.81 + 7.89 ug SDS mL™,
respectively, Table 5.1). These results suggest that the decrease in the cell
viability is caused by the presence of the SDS in the nanoemulsions and
multilayer nanoemulsions. In fact, SDS is not recognized by EFSA for use in
food products (EFSA, 2010), although FDA approves the use of SDS as
surfactant for fruit juice drinks under 25 ppm (FDA, 2014a, b).

Table 5.1 — ICsq values of nanoemulsions, multilayer nanoemulsions, sodium dodecyl sulfate

(SDS), curcumin and chitosan

Sample pug mL™ pg SDS mL™

Nanoemulsion 1.125 + 0.028 112.48 £ 2.81

Multilayer nanoemulsion 1.128 £ 0.079 112.81 +7.89

SDS 34.30+2.18 34.30+2.18
Curcumin >4.75 -
Chitosan > 31.25 -

Despite of the cytotoxicity of both nanosystems, this work suggests that the use
of droplets in the nano-scale by itself did not potentiate the cytotoxic effect of
SDS; on the contrary, both nanosystems reduced the cytotoxicity of SDS by
3.3-fold, as can be seen in Table 5.1. This finding may contribute for arguing the

existent opinion that nanostructures could be toxic only due to their small size.

5.4 Conclusions
The purpose of this study was to investigate the effect of nanosystems’
interfacial composition on their stability during in vitro digestion, on lipids
digestibility, curcumin bioaccessibility and antioxidant activity, using a dynamic
gastrointestinal system. In addition, also the cytotoxicity of the nanosystems

was evaluated.
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Results showed that nanoemulsions can increase the bioaccessibility of
curcumin, while polyelectrolyte layers were effective in the control of lipid
digestibility, significantly delaying the lipid digestion rate and decreasing the
extent of lipid digestion. Results also suggest that the use of polyelectrolytes
was efficient in protecting curcumin from enzymes and bile salts, improving the
antioxidant capacity of curcumin during digestion. Cytotoxicity assays revealed
that the use of nanosystems per se did not influence the cytotoxicity; on the
contrary, nanosystems containing SDS were 3.3-fold less toxic than SDS itself.

This study suggests that the developed nanosystems can be used as platforms

for the design of functional foods with different functionalities.
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CHAPTER 6

EVALUATING THE EFFECT OF CHITOSAN LAYER ON
BIOACCESSIBILITY AND CELLULAR UPTAKE OF

CURCUMIN NANOEMULSIONS

Since nanoemulsions produced with SDS revealed cytotoxicity torwards Caco-2
cells, in this chapter nanoemulsions were produced using whey protein isolate
as the emulsifier. Also, the effect of the deposition of chitosan layer onto
curcumin nanoemulsion was evaluated in terms of lipids digestibility and
bioaccessibility of curcumin using a dynamic gastrointestinal model (simulating
the stomach, duodenum, jejunum and ileum). Cytotoxicity, cellular antioxidant
activity and permeability analyses of the undigested nanosystems were carried

on Caco-2 cells.
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6.1 Introduction

Curcumin is a natural poliphenolic compound extracted from the rhizome of
Curcuma longa, being commercially available as turmeric extracts,
curcuminoids containing 70-80 % of curcumin, 15-25 % of demethoxycurcumin
and 2.5-6.5 % of bisdemethoxycurcumin (Jayaprakasha et al., 2006; Siviero et
al., 2015). Several studies suggest that curcumin exhibits a wide range of
beneficial activities, such as antioxidant, anti-inflamatory, antimicrobial,
anticancer, antiviral, anti-mutagen and wound healing (Jayaprakasha et al.,
2006; Kaur et al., 2015; Liu et al., 2016; Siviero et al., 2015). However the use
of curcumin is limited by their poor solubility in aqueous media (11 ng/mL),
sensitivety to oxygen, pH, solvents and light (Plaza-Oliver et al., 2015; Siviero et
al., 2015; Zhao et al., 2012). Hence, exploitation of curcumin as part of
functional foods deeply relies on strategies that overcomes these limitations,
triggering their incorporation into foods and beverages (Cerqueira et al., 2014;
Pinheiro et al., 2016; Plaza-Oliver et al., 2015). Lipid-based nanosystems can
be designed to overcome the limitations of the use of curcumin in the food
industry. Lipid-based nanosystems such as nanoemulsions and multilayer
nanoemulsions are delivery systems widely used to encapsulate lipophilic
bioactive compounds, increasing their solubility in aqueous media, protecting
them from environmental stresses, chemical, enzimatic and oxidative
degradation, allowing their controlled release, improving their passage through
gastrointestinal tract, enhancing lipid digestibility and promoting at the same
time a greater bioaccessibility and bioavailability, while also enhancing the
permeability of bioactive compounds across mucus layer and epithelium cells
(Sun et al., 2015; Ting et al., 2014; Zou et al., 2015). The development of
tailored lipid nanosystems relies on the final application, from nanosystems
designed to delay lipids digestability, inducing satiation; to enhancing
permeability across the intestinal membrane, improving bioavailability,
potentiating the benefitial effects of curcumin, such as avoiding lipid peroxidatin
and retarding the progress of chronic diseases (Maljaars et al., in press;
Pinheiro et al., 2016; Ting et al., 2014). Generally, there are two pathways to

transport bioactive compounds through the small intestine epithelium,
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paracellular or transcellular pathway, enhancing the absorption of bioactive
compounds in the gastrointestinal tract (Li et al., 2015a; Li et al., 2015b; Wang
et al., 2015; Yu & Huang, 2012). In paracellular transport lipid-based
nanosystems below 50 nm may be able to directly diffuse (passive diffusion)
through the cell tight junctions (Li et al., 2015b; Wang et al., 2015). Transcellular
transport represents the classic digestion-diffusion route, where the bioactive
compounds entrapped within lipid-based nanosystems below 500 nm may be
absorbed by the epithelial cells passing through the Caco-2 cell monolayer via
passive or active transport mechanisms, such as macropinocytosis or
endocytosis containing clathrin-mediated endocytosis, caveolae-mediated
endocytosis, and clathrin- and caveolae-independent endocytosis (Li et al.,
2015b; Yu & Huang, 2012). Also, lymphatic transport of the lipid-based
nanosystems (sizes below 5 nm) can occur through M cells, which are located
within Peyer’'s epithelium and hold high endocytosis capacity towards
nanomaterials (Huang & Kuo, in press; Martins et al., 2015). Despite of the
enourmous potential that lipid-based nanosystems present, theres a lack of
knowledge about the behaviour of these systems after ingestion, from their
behaviour during gastrointestinal tract, to their absorption through the instestine,
evaluation of the bioavailability and potential toxicity (McClements, 2013;
Pinheiro et al., 2016).

Therefore, the main purposes of this study were the understandment of the
behavior of lipid based nanosystems under in vitro digestion and the evaluation
of undigested nanosystems cytotoxicity, cellular antioxidant activity, apparent

permeability coefficient and cellular uptake using Caco-2 cells line.

6.2 Materials and Methods

6.2.1 Materials

Neobee 1053 medium chain triglycerides (MCTSs) is caprylic/capric triglyceride
oil with a fatty acid distribution of 55 % of C8:0 and 44 % of C10:0. MCTs was
kindly provided by Stepan (The Netherlands) and was used without further
purification. Curcumin (Mw = 368.38 Da), DPPH, pepsin from porcine gastric

mucosa (600 U mL’1), lipase from porcine pancreas (40 U mL'1), pancreatin
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from porcine pancreas (8 x USP), bile extract porcine and the salts used for
preparing the gastric and small intestinal electrolyte solutions, hydrochloric acid,
sodium bicarbonate, Nile Red 9-diethylamino-5H-benzo[a]phenoxazine-5-one
and dimethyl sulfoxide were purchased from Sigma-Aldrich (St Louis, MO,
USA). Whey Protein Isolate (WPI) was purchased from Arla (Denmark),
chitosan (deacetylation degree = 95 %) from Golden-Shell Biochemical CO.,
LTD (Zhejiang, China) and sodium alginate from Manutex RSX, Kelco 104
International, Ltd. (Portugal) with Mw = 15,900 Da and viscosity = 200 cp (1 %
agueous solution with Brookfield Model LV — 60 rpm at 25 °C). Lactic acid (90
%) was obtained from Acros Organics (Geel, Belgium). Sodium hydroxide and
phenolphthalein were obtained from Panreac (Spain). Chloroform was obtained
from Fisher Scientific (NJ, USA) and acetone from Fisher Chemical (UK).
Distilled water (Milli-Q apparatus, Millipore Corp., Bedford, MA, USA) was used
to prepare all solutions. For cell-based assays RPMI 1640 medium, Fetal
Bovine Serum (FBS), Penicillin-Streptomycin (PS), trypsin/EDTA and Hanks'
Balanced Salt Solution (HBSS) were obtained from Invitrogen (Paisley, UK).
Phosphate buffered saline (PBS) powder, 2’,7’-dichlorofluorescin diacetate
(DCFH-DA), 2,2'-Azobis(2-methylpropionamidine) dihydrochloride (AAPH),
guercetin and CelLytic™ MT Cell Lysis Reagent were obtained from Sigma-
Aldrich (St. Louis, MO, USA). CellTiter 96° AQueous One Solution Cell
Proliferation Assay (MTS) was obtained from Promega (Wisconsin, USA),
Protease Inhibitor Cocktail Set Il was purchased from Merck Millipore
(Darmstadt, Germany), dimethyl sulfoxide (DMSO) was obtained from Carlo
Erba Reagents Srl (Milan, Italy) and ethanol was purchased from Scharlab S.L.

(Barcelona, Spain).

6.2.2 Experimental Procedures

6.2.2.1 Preparation of curcumin nanosystems
6.2.2.1.1 Curcumin nanoemulsion preparation
Curcumin oil-in-water nanoemulsions were prepared according to (Silva et al.,
2015), with minor modifications. Briefly, 0.1 % (w/w) of curcumin was solubilized
at 90 °C in 10 % (w/w) of medium chain triglycerides (MCT’s) and homogenized

with 90 % (w/w) aqueous phase containing 1.5 % (w/w) of whey protein isolate
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(WPI) dissolved in distilled water using an Ultra-Turrax homogenizer (T 25, lka-
Werke, Germany) during 2 min at 5000 rpm, followed by passage through a
high-pressure homogenizer (EmulsiFlex-C3, Avestin, Canada) at 50 Psi, during

20 cycles of homogenization.

6.2.2.1.2 Curcumin multilayer nanoemulsion preparation

The multilayer nanoemulsions were formed through the deposition of chitosan
solutions at pH 3 onto curcumin nanoemulsions using the LbL electrostatic
deposition technique. The saturation method was applied, i.e. the layers were
constructed by subsequent adsorption of polyelectrolytes from their solutions
without the intermediate rinsing step (Adamczak et al., 2014). Briefly, anionic
curcumin nanoemulsions were coated with a layer of positively charged
chitosan solution, added drop wise with a syringe pump (NE-1000, New Era
Pump Systems, Inc., USA) to fresh curcumin nanoemulsions, under stirring for
15 min. The concentration of chitosan solution used to form the surrounding
layer was chosen empirically by analysing the results of zeta potential

measurements (Adamczak et al., 2014; Madrigal-Carballo et al., 2010).

6.2.2.2 Nanosystems size measurements

The Hg and Pdl of nanoemulsions and multilayer nanoemulsions were
determined using DLS (Zetasizer Nano ZS-90, Malvern Instruments,
Worcestershire, UK). The nanoemulsion samples were diluted 10x in distilled
water at ambient temperature. The data was reported as the mean droplet
diameter (hydrodynamic diameter, Hq). Pdl is a dimensionless and indicates the
heterogeneity (monodisperse or polydisperse) of particles size in a mixture
(Malvern, 2011). Each sample was analysed in a disposable polystyrene cell
(DTS0012, Malvern Instruments). The measurements were performed in
duplicate, with three readings for each of them. The results are given as the
average + standard deviation of the six values obtained (Rao & McClements,
2013; Silva et al., 2011).

6.2.2.3 Nanosystems charge measurements
The droplet charge (Zp) of the nanoemulsions and multilayer nanoemulsions

was determined using a particle micro-electrophoresis instrument (Zetasizer
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Nano ZS-90, Malvern Instruments, Worcestershire, UK). Samples were diluted
100x in distilled water prior to measurements in order to avoid multiple
scattering effects at ambient temperature and placing the diluted emulsions into
disposable capillary cells (DTS 1060, Malvern Instruments) (Ozturk et al., 2014;
Rao & McClements, 2013).

6.2.2.4 Stability of the nanosystems under storage
In order to evaluate the stability of nanoemulsion and multilayer nanoemulsion
during storage, the Hy, Pdl and Zp were evaluated during three months of

storage at 4 °C in the absence of light.

6.2.2.5 Nanosystems stability and curcumin release at gastrointestinal
environmental conditions

The curcumin nanosystems stability under gastrointestinal environmental
conditions was accessed by a dialysis method. 2 mL of aqueous curcumin
nanosystems were added into a dialysis membrane (molecular weight cut-off 15
kDa; Cellu-Sep H1, Membrane filtration products, USA). The sealed dialysis
membrane was then placed into 50 mL of buffer solution (phosphate buffer,
PBS, for pH 7.4 and KCI-HCI buffer for pH 2) under magnetic stirring at 37 °C.
At appropriate time intervals, 0.5 mL of supernatant were taken and 0.5 mL of
fresh acceptor medium was added to keep the volume of the release medium
constant. The stability of the nanosystems and the released amount of curcumin
from the nanosystems was evaluated by measuring the Hy after 54 h and the
absorbance at 425 nm, maximum absorbance peak (Elisa Biotech Synergy HT,
Biotek, USA). All stability/release tests were run at duplicate or triplicate. This
assay was only performed to understand the stability of these nanosystems at

the pH values of the gastrointestinal system.

6.2.2.6 In vitro digestion

6.2.2.6.1 Dynamic gastrointestinal model

A dynamic gastrointestinal system was used in the in vitro digestion
experiments using the methodology developed by Pinheiro et al. (2016). This
model simulates the main events that occur during digestion and consists of

four compartments simulating the stomach, duodenum, jejunum and ileum.
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Each compartment consists in two connected glass reactors with a flexible wall
inside and water is pumped around the flexible walls to maintain the
temperature at 37 °C and to enable the simulation of the peristaltic movements
(by the alternate compression and relaxation of the flexible walls). The changes
in water pressure are achieved by peristaltic pumps which alter the flow
direction according to the time controlled devices connected to them. The
compartments are connected by silicone tubes and, at a predefined time, a
constant volume of chyme is transferred. All compartments are equipped with
pH electrodes and pH values are controlled by the secretion of HCI (1 mol L™)
into the stomach and NaHCOs (1 mol L) into the intestinal compartments. The
gastric and intestinal secretions are added via syringe pumps at pre-set flow
rates. The jejunum and ileum compartments are connected with hollow-fibre
devices (SpectrumLabs Minikros®, M20S-100-01P, USA) to absorb digestion
products and water from the chyme and to modify electrolyte and bile salts
concentration of the chime (Pinheiro et al., 2016). It should be noted that,
although at the mouth stage there may be changes in emulsions' size and
interfacial characteristics, influencing the emulsions' fate in the gastrointestinal
tract (McClements & Xiao, 2012; Pinheiro et al., 2016), this phase was not
included once the sample is liquid (and therefore the mastication is not relevant
and the residence time in the mouth is very low) and the samples do not contain
starch (i.e. the primary enzyme present in saliva, amylase, would not act)
(Pinheiro et al., 2016).

6.2.2.6.2 Experimental conditions

In vitro digestion was performed as described by other authors (Pinheiro et al.,
2016) with minor modifications. A volume of 40 mL of curcumin nanosystems
(both nanoemulsions and multilayer nanoemulsions) was introduced into the
dynamic gastrointestinal system (gastric compartment) and the experiment was
run for a total of 5 h, simulating average physiological conditions of Gl tract by
the continuous addition of gastric, duodenal, jejunal and ileal secretions. The
gastric secretion consisted of pepsin and lipase in a gastric electrolyte solution
(NaCl 4.8 gLt KCl2.2gL? CcaCl,0.22 gL™* and NaHCO; 1.5 g L"), secreted
at a flow rate of 0.33 mL min™*. The pH was controlled to follow a predetermined
curve (from 4.8 att = 0 to 1.7 at t = 120 min) by secreting HCI (1 mol L™). The
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duodenal secretion consisted of a mixture of 4% (w/v) porcine bile extract, 7%
(w/v) pancreatin solution and small intestinal electrolyte solution (SIES) (NaCl 5
gL* KCl0.6 gL" CaCl, 0.25 g L) secreted at a flow rate of 0.66 mL min™.
The jejunal secretion fluid consisted of SIES containing 10% (v/v) porcine bile
extract solution at a flow rate of 2.13 mL min™®. The ileal secretion fluid
consisted of SIES at a flow rate of 2.0 mL min™. The pH in the different
compartments of small intestine was controlled by the addition of 1 mol L™
NaHCO3; solution to set points of 6.5, 6.8 and 7.2 for simulated duodenum,
jejunum and ileum, respectively. During in vitro digestion, samples were
collected directly from the lumen of the different compartments (or jacket
reactor), from the stomach, duodenal, jejunal and ileal filtrates and from the ileal
delivery. The jejunal and ileal filtrates and ileal delivery were used to determine
the bioaccessibility of curcumin. The samples were analysed in terms of Hgy, Zp
and free fatty acids. Both curcumin nanosystems were tested in the dynamic

gastrointestinal model at least in triplicate.

6.2.2.7 Microscopy

The morphology of nanosystems was evaluated by transmission electron
microscopy (TEM) (EM 902A, ZEISS, Germany) operating at 80 kV. TEM
samples were prepared by depositing the nanoemulsion suspensions on a
carbon-coated copper grid, and negatively stained with 1% (w/v) uranyl acetate
for observation. Samples were air-dried before analyses. Also, the oil droplets in
the emulsions were studied using an epifluorescence microscope (BX51
OLYMPUS, Tokyo, Japan) with an x100 oil immersion objective lens. Samples
were stained with Nile Red (9-diethylamino-5H-benzo[a]phenoxazine-5-one,
0.25 mg ml™ in dimethyl sulfoxide, 1 : 10 (dye:sample), v/v), which enabled the
oil droplets to become visible. Slides were prepared by taking 10 uL of the
stained emulsion solution and placing in a glass microscope slide and covering

with a glass cover slip.

6.2.2.8 Free fatty acids release
The digestion activity was measured by determining the amount of FFA
released from curcumin nanoemulsions using a titration method (Pinsirodom,

2005). Briefly, 5 mL of jejunal filtrate, ileal filtrate and ileal delivery samples
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were collected and 10 mL of acetone were added to quench the enzymes'
activity and 3 drops of 1 % (w/v) phenolphthalein were added as an indicator. A
direct titration with 0.1 mol L™ NaOH using a burette was performed and the
volume of NaOH added until the titration end point was determined and used to
calculate the concentration of FFA produced by lipolysis. Therefore, the
percentage of free fatty acids released was calculated from the number of
moles of NaOH required to neutralize the FFA divided by the number of moles
of FFA that could be produced from triglycerides if they were all digested
(assuming 2 FFA produced per 1 triacylglycerol molecule) (Li et al., 2011;
Pinheiro et al., 2016):

% FFA = 100 X (”N“’” * MNaoi X M"’""“) Eq. 6.1

Wiipid X 2

where Vnaon IS the volume of sodium hydroxide required to neutralize the FFA
generated (in mL), mnaon is the molarity of the sodium hydroxide used (in mol L
b, Wippigs 1S the total weight of MCT’s oil initially present and Mipiq is the
molecular weight of the MCT's oil (based on their average fatty acid

composition the molecular weight of MCT’s oil was considered to be 503 g mol

1).

6.2.2.9 Curcumin bioaccessibility

It was assumed that the fraction of the original curcumin that ended up in the
micelle phase was a measure of curcumin bioaccessibility (Ahmed et al., 2012)
and that the mixed micelles that contained the bioaccessible curcumin fraction
were able to pass the hollow-fibore membranes (i.e. corresponds to jejunal
filtrate and ileal filtrate samples), while undigested emulsions were retained
(Minekus et al., 2005). Curcumin bioaccessibility was determined based on the
methodology described by other authors (Ahmed et al., 2012; Pinheiro et al.,
2016). Briefly, 5 mL of the sample (jejunal or ileal filtrate) were vortexed with 5
mL of chloroform, and then centrifuged (Sigma 4K15, Germany) at 1750 rpm, at
room temperature, for 10 min. The bottom chloroform layer was collected and
the extraction procedure was repeated with the top layer. The second bottom

chloroform layer was added to the previously set aside chloroform layer, mixed,
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and analysed in a UV-VIS spectrophotometer (Elisa Biotech Synergy HT,
Biotek, USA) at 425 nm (absorbance peak). The concentration of curcumin was
determined from a previously prepared calibration curve of absorbance versus

curcumin concentration in chloroform.

6.2.2.10 Cell culture

The Caco-2 cell line was selected for cytotoxicity experiments, cellular
antioxidant activity evaluation and permeation studies. Caco-2 is a human
intestinal epithelial cell line derived from a human colon adenocarcinoma, and is
particularly useful since it forms a monolayer with many small intestinal
functions (Matias et al., 2014). This cell line undergoes in culture a process of
spontaneous differentiation that leads to the formation of a monolayer of cells,
expressing several morphological and functional characteristics of the mature
enterocyte (Sambuy et al., 2005). Caco-2 cell line were purchased from
Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ,
Braunschweig, Germany) and were routinely grown in RPMI 1640 culture
medium supplemented with 10 % (v/v) of inactivated FBS and 1 % (v/v) of PS.
Stock cells were maintained as monolayers in 75 cm? culture flasks. Cells were
subcultured every week at a split ratio of 1 to 4 by treatment with trypsin/EDTA
(0.25 %) and incubated at 37 °C in a 5 % CO, humidified atmosphere (Matias et
al., 2014). For all cell-based assays Caco-2 were used between passages 30
and 50.

6.2.2.11 Cytotoxicity assay

Caco-2 cells were seeded at a density of 2 x 10 cells/well in 96-well plate and
the medium was changed every 48 h. The experiments were performed through
method previously described by Serra and co-workers (2011), using completely
differentiated cells (after reaching confluence, ~ 96 h) (Serra et al., 2011b;
Serra et al., 2013). An initial stock solution of curcumin in ethanol was prepared
(4 mg ml™). In the day of the assay, curcumin, nanoemulsion and nanoemulsion
multilayer were diluted in RPMI medium supplemented with 0.5 % inactivated
FBS (4.8 — 19.0 ug curcumin mL™ and 31.25 — 250.00 pg chitosan mL™) and
added to Caco-2 cells in triplicate. After 4 h of incubation at 37 °C ina 5 % CO,

humidified atmosphere, samples were removed and cells were washed twice
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with PBS. Then, 100 pL of CellTiter 96° AQueous One Solution Cell
Proliferation Assay reagent (MTS) diluted in RPMI 1640 medium supplemented
with 0.5 % FBS was added to each well and left to react for 2 h, at 37 °C in a
5 % CO, humidified atmosphere. MTS enters in cells and it is bio-reduced into a
colored formazan product that is soluble in the culture medium. The quantity of
formazan produced was measured spectrophotometrically at 490 nm in a
microplate reader (EPOCH, Bio-Tek, USA) and is directly proportional to the
number of living cells in culture. Results were expressed in terms of percentage
of cellular viability relative to a group control (cells only with RPMI medium).

Experiments were performed in triplicate in three independent assays.

6.2.2.12 Cellular antioxidant activity

Cellular Antioxidant Activity (CAA) was carried out by the method previously
described by Wolfe and Liu (2007) with some modifications (Serra et al.,
2011a). Briefly, Caco-2 cells were seeded at a density of 2 x 10* cells/well in a
96-well plate and the medium was changed every 48 h. After reaching
confluence (~ 96 h), cells were washed twice with PBS and triplicate wells were
treated for 1 h with 100 pL of different concentrations of curcumin (5 to
40 ug mL™) or nanoemulsion and multilayer nanoemulsion (0.95 to 7.60 pg mL’
1 plus 25 umol L* of DCFH-DA diluted in PBS. Then, the medium was
removed, cells were washed with PBS and 100 pL of 600 umol L™ of AAPH was
added in each well. The 96-well microplate was placed into a fluorescence
reader (FL800, Bio-Tek Instruments, Winooski, VT, USA) at 37 °C. Emission at
530 + 25 nm was measured after excitation at 485 + 20 nm every 5 min for 1 h.
Each plate included triplicate control and blank wells: control wells contained
cells treated with DCFH-DA and oxidant (AAPH); blank wells contained cells
treated with DCFH-DA without oxidant. Quercetin, previously dissolved in
DMSO (20 mmol L") was used as standard (1.25 — 10 pmol L™) for the
calibration curve. CAA of samples was quantified as described by Wolfe and Liu
(2007). Briefly, after blank and initial fluorescence subtraction, the area under
the curve for fluorescence versus time was integrated to calculate the CAA

value at each concentration of the sample:

CAAunit=1- ([22) Eq. 6.2
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Where [SA is the integrated area under the sample fluorescence versus time
curve and JCA is the integrated area of the control curve. The median effective
concentration (ECso) was determined for the sample from the median effect plot
of log (fa/f,) versus log (dose), where f; is the fraction affected (CAA unit) and f,
is the fraction unaffected (1-CAA unit) by the treatment. The ECsy values were
stated as mean + SD for triplicate sets of data obtained from the same
experiment. Also, ECsp were converted to CAA values, expressed as
micromoles of quercetin per mg of curcumin, using the mean ECsy value of

quercetin from three independent experiments, 3.52 + 0.42 pmol L™,

6.2.2.13 Permeability studies

For transport studies, Caco-2 cells were seeded in 12 mm i.d. Transwell®
inserts (polycarbonate membrane, 0.4 ym pore size, Corning Costar Corp.) in
12-well plates at a density of 1x10° cells/well. The basolateral (serosal) and
apical (mucosal) compartments contained 1.5 and 0.5 mL of culture medium,
respectively. Cells were allowed to grow and differentiate to confluent
monolayers for 21 days by changing the medium (RPMI 1640 supplemented
with 10 % of FBS and 1 % of PS) three times a week (Serra, 2010). By culturing
them for 21 days, Caco-2 cells are spontaneously differentiated and tight
junctions are formed between the cells, microvillus structures are formed on the
apical cell surface and a variety of brush-border digestive enzymes,
transporters and receptors are expressed (Langerholc et al.,, 2011; Shimizu,
2010). Transepithelial electrical resistance (TEER) of cells grown in Transwell
was measured using an epithelial Volt-Ohm-meter (WPI, Berlin, Germany). The
measurement of electrical resistance across the monolayer is a measure of
passive ion transport across the cell and cell junctions and can be used as a
criterion for the tightness of the cell monolayer in order to evaluate and
determine the monolayer integrity. The TEER value was measured from the

following equation:

TEER = ( Rmonolayer - Rblank) XA Eq 6.3
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Where Rmonolayer IS the resistance of the cell monolayer along with the filter
membrane, Rpank iS the resistance of the filter membrane and A is the surface
area of the membrane (1.12 cm? in 12-well plates). Only monolayers with TEER
value higher than 500 Qcm? were used for experiments (Matias et al., 2014).

In the day of the experiment, the medium was removed and cells were washed
twice with HBSS (pH 7.4, 37 °C) to remove traces of RPMI medium. After
washing, cells were incubated with transport buffer (HBSS) for 60 min at 37 °C
in a 5 % CO;, incubator. For permeability transport studies, 500 uL of
nanosystem (nanoemulsion and multilayer nanoemulsion) diluted in HBSS
(19 pg curcumin mL™) was added to the apical compartment and 1.5 mL of
transport buffer to the basolateral side. The transepithelial transport was
followed as a function of time: after 0, 15, 30, 45, 60 and 120 min of incubation,
TEER was measured and the basolateral and apical samples were collected
and frozen until analysis. The apparent permeability coefficient (Papp) of

nanoemulsions were calculated using the following equation:

dQ
P, =L Eq. 6.4

apP T Cox A

where dQ/dt is the cumulative transport rate (ug min™") defined as the slope
obtained by linear regression of cumulative transported amount as a function of
time (min), Co is the initial nanosystem concentration in the donor compartment
and A is the membrane surface area (1.12 cm? in 12-well plates).

In addition, the cellular uptake of curcumin was also quantified. For this
purpose, after 15, 30, 45, 60 and 120 min of incubation with samples, the Caco-
2 monolayer was washed with 100 pyL of HBSS to remove traces of
nanoemulsions from the apical compartment and then cells were incubated for
5 min with 100 L of CelLytic™ MT Cell Lysis Reagent containing 1 % (v/v) of
Protease Inhibitor Cocktail (Matias et al., 2014). After scrapping, cells were
collected and frozen until quantitative analysis by the high performance liquid

chromatography (HPLC) method described below.
6.2.2.14 HPLC analysis of curcumin

The HPLC system comprised a Varian Prostar 210 pump, a Varian Prostar 410

autosampler and a Jasco FP-920 fluorescence detector (Aexc=420 nm and
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Aem=540 nm). The instrument and the chromatographic data were managed by
a Varian 850-MIB data system interface and a Galaxie chromatography data
system, respectively. The chromatographic separation was performed on a C18
reversed-phase YMC-Pack ODS-AQ analytical column (250 x 4.6 mm |.D., 5
pum) that was fitted with a pre-column with the same stationary phase. The
compounds were eluted using a flow rate of 1.0 mL min™ during a 15 min
isocratic run at a temperature of 30 °C. The injection volume was 20 yL. The
mobile phase was a mixture of acetic acid (2 % v/v), pH 2.5, and acetonitrile (at
a ratio of 47:53 v/v) that was filtered and degassed with a 0.2 ym membrane
filter (GHP, Gelman). A calibration curve was prepared with standard solutions
containing 0.1 to 10 pg mL" of curcumin in acetonitrile (Sigma-Aldrich).
Curcumin, demethoxycurcumin, and bisdemethoxycurcumin were quantified by
comparing the peak areas with the calibration curve. Retention times were 10.5,

11.5, and 12.5 min, respectively.

6.2.3 Statistical procedures

6.2.3.1 Data Analyses

Data analyses were performed using Microsoft Windows Excel 2011, using the
Tukey's Multiple Comparison Test with a confidence interval of 95 % in
GraphPad Prism 5 (GraphPad Software, Inc.) and using ANOVA in
STATISTICA 7.0 (Statsoft, Tulsa, OK, USA).

Regarding the cell assays all data are expressed as means + standard error
and individual experiments were performed at least in triplicate. The statistical
analysis was done using SigmaStat 3.0° software. All values were tested for
normal distribution and equal variance. When homogeneous variances were
confirmed, data were analysed by One Way Analysis of Variance (ANOVA)
coupled with the Tukey’s post-hoc analysis to identify means with significant

differences (p value of p<0.001 was considered significant).
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6.3 Results and Discussion

6.3.1 Curcumin nanosystems development and characterization

Different concentrations of WPI were tested aiming at preparing of curcumin
nanoemulsions using 10 % (w/w) of MCTs as the oily phase (results not
shown). The minimum concentration of WPI required to form stable
nanoemulsions was found to be 1.5 % (w/w) presenting values of Hy of 186 +
3.9 nm and a Pdl of 0.124 £ 0.014, regarding the electrical charge (Zp) a value
of -51.9 + 2.4 mV was obtained.

For the development of multilayer nanoemulsions, the LbL electrostatic
deposition technique was applied and the concentration of chitosan was
controlled to avoid particle aggregation, using the saturation method, in which
concentrations of chitosan were used without the need of centrifugation. The
saturation concentration can than be empirically determined by monitoring the
changes in the Zp measurements. A screening between 0 % and 0.1 % (w/w)
was performed in order to evaluate the influence of chitosan in the
nanoemulsions properties, i.e. Hy, Pdl and Zp. The Hgy, Pdl and Zp of the
multilayer nanoemulsion (first layer) were measured immediately after
production.

Figure 6.1a shows that the addition of chitosan results in a change of Zp values,
where the increase of chitosan concentrations (0 % to 0.1 %) changes the Zp
values from highly negative to highly positive values, reaching a positive
constant value around 42 mV, when the concentration ranged between 0.05 %
to 0.1 % (w/w). This saw-like profile in the Zp values indicates that chitosan was
adsorbed to the surface of the nanoemulsion, forming a multilayer
nanoemulsion (Szczepanowicz et al., in press). At chitosan concentrations
raging from 0.01 to 0.02 % (w/w) large “clumps” and oily droplets were
observed at the upper surface of the samples This behaviour can be explained
by the insufficient amount of chitosan present to coat all the nanoemulsion
droplets, which is reflected by the Zp of the samples, achieving an increase
from -51.9 mV for the nanoemulsion, to -15.1 mV and 0.8 mV for 0.01 % and
0.02 % wi/w, respectively. In Figure 6.1b it is possible to observe the effect of
these large clumps in the Hy of the samples, increasing the sizes and

presenting a high Pdl. The presence of clumps indicates that bridging
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flocculation occurred. Charged polyelectrolytes can trigger bridging flocculation,
as there is an insufficient amount of chitosan to completely coat the
nanoemulsions, chitosan could link to the surface of more than one
nanoemulsion droplet coupling nanoemulsions together (Cui et al., 2014; Guzey
& McClements, 2006; Mora-Huertas et al., 2010). Similar behaviours were
presented by Aoki and co-workers (2005) and Mun and co-workers (2005). Both
authors verified that concentrations of chitosan below the saturation point
resulted in droplets with negative surfaces, allowing chitosan to adsorb to the
surface of two or more droplets simultaneously, forming large droplets

aggregates and clumps (Aoki et al., 2005; Mun et al., 2005).

b) Hd = Pdi

30 7000 0.7
[
I 6000 L 0.6
10
5000 0.5

-10 Io 0.02 003 004 005 0.06 007 0.08 009 0.1 .E- 4000 04 —

e

= 3000 03
.
2000 P . E » 3 3 & 02

=
1000 - 0.1

=70 a - 0
Nano 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Chitosan % (w/w) Chitosan % (w/w)

Figure 6.1 — Development of the 18t layer. a) Change in the zeta potential (Zp) as function of
chitosan concentrations; b) Change in the hydrodynamic diameter (Hy) and polydispersity index

(Pdl) as function of chitosan concentrations. Bars indicate standard deviation (n = 3).

From 0.02 % to 0.1 % (w/w) a change from neutral to highly positive Zp was
observed, suggesting that chitosan adsorbed to the surface of the
nanoemulsions (Szczepanowicz et al., in press). Increasing the chitosan
concentration above 0.5 % w/w did not increased the Zp value, leading to a
constant value around 42 mV, however resulted in an increase of the Hy values
from 189.1 + 3.4 to 198.7 + 5.4 nm, for 0.05 % and 0.1 % (w/w) of chitosan,
respectively. It also promoted an increase of Pdl values from 0.167 £ 0.004 to
0.191 = 0.024, for the same range of concentrations. Results suggest that the
nanoemulsions become saturated with chitosan, where the strong electrostatic
repulsions present prevented droplet aggregation by bridging and depletion
flocculation (Li et al., 2010; Pinheiro et al., 2016). Hence, 0.05 % (w/w) of
chitosan was selected for the build up of the multilayer nanoemulsion, without

significant excess of polyelectrolytes in solution. The developed multilayer
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nanoemulsion presents a final Hq of 189.1 + 3.4 nm, with a Pdl of 0.167 + 0.004
and a Zp value of 40.1 + 1.2 mV. Transmission Electron Microscopy (TEM)
confirms the mean droplet diameters achieved and confirmed the development
of the nanosystems, Figure 6.2 presents a TEM microphotograph of the

nanoemulsion and multilayer nanoemulsion (initial).
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Figure 6.2 — TEM microphotographs of negatively stained nanosystems with uranyl 1% w/w
and epifluorescence microphotographs stained with Nile Red as they undergo through the
dynamic in vitro digestion. The scale bar for all TEM images and epifluorescent images are 400

nm and 20 um, respectively.

6.3.2 Nanosystems stability under storage conditions
The developed nanosystems showed no macroscopic sign of instability
phenomena (i.e. creaming or phase separation) after 35 days of storage. Figure

6.3 shows that curcumin nanoemulsions and multilayer nanoemulsions

206



Silva, H.D. (2015)

maintained their Hy during storage. These results show that storage conditions
do not statistically influence (p>0.05) (data not shown) the Hy values when
compared to the values obtained after nanosystems production (please see
Figure 6.3).
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Figure 6.3 — Hydrodynamic diameter (Hy) during 35 days of storage for nanoemulsion and

multilayer nanoemulsion. Bars indicate standard deviation (n = 3).

6.3.3 Evaluation of nanosystems responsiveness under gastrointestinal
environmental conditions

The stability/responsiveness of both nanosystems was accessed at
gastrointestinal conditions (i.e. at pH 2 and 7.4 at 37 °C) during 54 h, by
performing release assays and by measuring the absorbance of curcumin in the
acceptor mediums. Also, after 54 h of release assays, the Hy and Pdl of the
nanosystems were evaluated in order to determine the changes in Hy and PdI
values. At pH 7.4 none of the nanosystems released curcumin during the
evaluation period, maintaining curcumin entrapped within the nanosystems.
Considering the Hq stability, it was observed that after 54 h of assay, at pH 7.4,
the nanosystems maintained values of Hy closer (p>0.05) to the initial value,
with 187.3 £ 2.7 nm for the nanoemulsion and 189.1 £ 2.8 nm for the multilayer
nanoemulsion. At these conditions, above the pK, of chitosan, the amino

groups are entirely deprotonated (Vachoud et al., 2000), although, it is feasible
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that chitosan held some positive charge. Previous works showed that pK; of
charged groups can change when entangled between polyelectrolytes of
oppositely charges, improving the stability of the multilayer nanoemulsion to pH
changes (Burke & Barrett, 2003a, b; Li et al., 2010).

At pH 2, the nanoemulsions loss WPI to the acceptor medium (data not shown),
being unstable at this pH after 54 h of assay thus rendering it impossible to
measure Hq. However, for the multilayer nanoemulsions, the Hy remained stable
after 54 h of assay, obtaining an Hyq of 190.4 £+ 3.1 nm, while no sign of
curcumin was present in the acceptor medium (0 pg mL™, below the detection
limit of 0.01 pg mL™"). Curcumin is reported as having low solubility in aqueous
systems, 11 ng mL™, which could explain the absence of curcumin release
(Jelezova et al., 2015; Zhao et al., 2012).

6.3.4 Dynamic in vitro digestion

As showed in chapter 4, LbL technique can be used to modify the interfacial
composition of nanoemulsions increasing the stability under gastrointestinal
tract conditions, delaying lipid digestion (Hu et al., 2011; Klinkesorn & Julian
McClements, 2010; Yang et al., 2014). These experiments evaluated the
influence of a chitosan layer in the behaviour of the nanosystems under in vitro

digestions, mimicking the human gastrointestinal tract.

6.3.4.1 Influence of chitosan on nanosystems characteristics during in vitro
digestion

The effect of the deposition of a chitosan layer on the nanoemulsion Hyg,
morphology and Zp was evaluated at each stage of the in vitro digestion.
Initially the nanosystems had a Hq of 186 and 189 nm for the nanoemulsion and
multilayer nanoemulsion, respectively. After being subjected to stomach
conditions, the nanoemulsion Hy values increased to 258.3 £ 26.7 nm (please
see Figure 6.4) evidencing some coalescence phenomena, confirmed by the
epifluorescence microscopy, Figure 6.2. For the multilayer nanoemulsion the Hgy
value obtained under the gastric conditions was 205.4 + 16.8, which does not
present a statistically significant difference (p>0.05) when compared with the
initial value. From the epifluorescence microscopy, Figure 6.2, some larger

droplets can be observed, nonetheless TEM micrographs confirm droplets in
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the nano-size range. This behaviour can be related with the interfacial
characteristics of systems and their surface charge. Under gastric conditions,
both nanosystems are positively charged: the nanoemulsion presented a
positive Zp of 29.7 + 5.3 mV and the multilayer nanoemulsion presented a Zp of
36.6 + 3.0 mV (Figure 6.5), exhibiting strong electrostatic repulsion between
droplets and thus avoiding droplet aggregation, flocculation and coalescence
(Klinkesorn & Julian McClements, 2010; Pinheiro et al., 2016; Zhang et al., in
press). The change in the Zp values, from negative to positive, for
nanoemulsions at gastric conditions can be attributed to changes in solutions
conditions, pH and ionic strength. In fact, at pH below the isoelectric point (pl
~5.2) of WPI, the WPI-stabilized nanoemulsions would be positively charged,

which is in agreement with other published works (Rodrigues et al., 2015).
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Figure 6.4 — Hydrodynamic diameter (Hgy) for the nanosystems as they undergo through the

dynamic in vitro digestion. Bars indicate standard deviation (n = 3).

Under intestinal conditions, both nanosystems exhibited an increase of the Hqg
due to particle aggregation either by flocculation or coalescence of droplets
(Figure 6.2 and 6.4). At the duodenal stage, the Hy values increased to 815.2 +
13.5 nm for the nanoemulsion, presenting a Zp value of -22.7 + 7.2 mV; in the
case of the multilayer nanoemulsion, the Hy increased to 1218.6 = 205.7 nm

and the Zp to -19.1 = 2.7 mV. Microscopy analyses showed that at this stage,
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both nanosystems exhibited droplets at the nano and micro-scale, confirming
the Hy values presented in Figure 6.4. At jejunum and ileum stages both
nanosystems presented a high Hy. For instance, in the jejunum the
nanoemulsion had an Hy of 1831.0 + 126.9 nm, whereas the multilayer
nanoemulsion presented an Hy value of 1205.7 + 193.9 nm. However, both
nanosystems presented a smaller mean droplet diameter in the ileum filtrate
than the one found in the jejunum filtrate and ileal delivery, justified by the
filtration step performed in the hollow-fibre cartridge. For all the intestinal stages
of digestion, sizes at the micro-scale were encountered (Figure 6.2), still, TEM
analyses showed non-digested nanosystems at the nano-scale present in the
jejunum and ileum stages of the digestion. The large Hq observed at the small
intestine stage can be due to the fact that bile salts are able to displace WPI
and chitosan from the droplets surface and lipase conducted the hydrolysis of
the triacylglycerol molecules present into free fatty acids (FFA),
monoacyglycerides and/or diacylglycerides (Pinheiro et al.,, 2016). This
hydrolysis can also generate structures such as micelles, vesicles or other
colloidal structures (Mu & Hay, 2004).
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Figure 6.5 — Zeta potential values (Zp) for the nanosystems as they undergo through the

dynamic in vitro digestion. Bars indicate standard deviation (n = 3).
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Regarding the effect of intestinal conditions on the droplet charge, results show
that the Zp values decreased, changing from positive to negative charges for
both nanosystems, reaching to values ranged between -28 mV and -23 mV for
the nanoemulsion and around -18 mV for the multilayer nanoemulsion
(Figure 6.5). These results suggest that the presence of bile salts or free fatty
acids might have displaced the WPI and chitosan from droplet surface or that
bile salts or free fatty acids adsorbed onto the surface of the nanosystems
(Klinkesorn & Julian McClements, 2010; Pinheiro et al., 2016; Salvia-Truijillo et
al., 2015; Zou et al., 2015). There were no significant differences (p>0.05)

between the values of Zp of both nanosystems at intestinal conditions.

6.3.4.2 Influence of chitosan layer on lipids digestion

The effect of chitosan layer in the lipids digestion was examined by the
hydrolysis of the triacylglycerol molecules into free fatty acids (FFA) at each
stage of the small intestine digestion (Figure 6.6). The deposition of a chitosan
layer onto the nanoemulsion did not had a significant effect on the extent of lipid
digestion, achieving a similar overall extent of released FFA (Figure 6.6), of
96.14 + 1.36 % and 95.52 + 4.93 % for curcumin nanoemulsion and multilayer
nanoemulsion, respectively. These results suggest that the chitosan layer did
not prevent lipid digestion, rather delaying it during the jejunum filtrate stage. In
fact, some studies suggest that pancreatic lipase has the ability to hydrolyse
chitosan, explaining the lack of efficiency of the developed layer (Pantaleone et
al., 1992; Shin et al., 2001). Nonetheless, this study shows some differences in
the rate at which the nanosystems were digested. In Figure 6.6 it is possible to
see that in the jejunum the multilayer nanoemulsion presents a significantly
lower (p<0.05) amount of FFA released when compared with the nanoemulsion,
suggesting that the multilayer nanoemulsions were digested at a slower rate. At
this stage, chitosan reduced the lipid digestion from 77.67 + 1.19 % to 65.29 +
2.92 %, being these results in agreement with previous studies (Klinkesorn &
McClements, 2009; Pinheiro et al., 2016; Tokle et al., 2012). The decrease of
the FFA release at jejunum when using chitosan layer may be explained by the
ability of bile salts to form electrostatic complex with chitosan, reducing the
digestibility of the lipids by sterically hindering the lipase, as seen in chapter 5
(Klinkesorn & Julian McClements, 2010; Klinkesorn & McClements, 2009). Also,
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large aggregates of chitosan could restrict the access of lipase to the lipids
(McClements & Li, 2010; Zhang et al., in press).

These results suggest that the presence of a chitosan layer on the
nanoemulsions may be useful to control the rate of lipid digestion and FFA
adsorption within the gastrointestinal tract, although being inefficient in

preventing lipid digestion.
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Figure 6.6 — Percentage of free fatty acids (FFA) released from the nanosystems as they

undergo through the dynamic in vitro digestion. Bars indicate standard deviation (n = 3).

6.3.4.3 Influence of chitosan on curcumin bioaccessibility

Curcumin bioaccessibility from the nanosystems was measured as the
curcumin concentration present in mixed micelles after digestion at jejunum
filtrate, ileal filtrate and ileal delivery. Figure 6.7 shows that curcumin
bioaccessibility increases during the digestion time, which can be explained by
the ability of free fatty acids (FFA), monoacyglycerides and diacylglycerides to
form mixed micelles capable of solubilize curcumin (Pinheiro et al., 2016). Also,

Figure 6.7 shows that the use of a chitosan layer did not significantly increase

+

(p<0.05) the curcumin bioaccessibility for multilayer nanoemulsion with 41.6 *
6.23 % when compared to the nanoemulsion bioaccessibility with 31.55 +
4.94 % (Figure 6.7). For both nanosystems, the bioaccessibility of curcumin was

higher in the jejunal filtrate, when compared to the ileal filtrate fraction. When
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comparing the results of the curcumin bioaccessibility at ileal filtrate between
nanoemulsion and multilayer nanoemulsion, it can be observed that multilayer
nanoemulsion present higher (p<0.05) bioaccessibility of curcumin regarding to
nanoemulsions (15.5 + 1.92 % and 9.3 + 2.63 %, respectively). These results
are in agreement with the FFA released from lipid digestion, Figure 6.6, i.e. the
higher curcumin bioaccessibility observed in the ileal filtrate for the multilayer
nanoemulsions, corresponds to the higher amount of FFA observed in the ileal
filtrate. Since the access of lipases to lipids is crucial for a good bioaccessibility,
the observed higher amount of FFA that could be part of mixed micelles could
increase the solubility towards curcumin, increasing therefore its bioaccessibility
(Pinheiro et al., 2016; Porter et al., 2007).

80
70
60
50

M [leum delivery

40
lleum filtrate

i B Jejunum filtrate

Nanoemulsion Multilayer nanoemulsion

30

Bioaccessibility (%)

20

10

Figure 6.7 — Percentage of bioaccessibility as the nanosystems undergo through jejunal and

ileal stages of the dynamic in vitro digestion. Bars indicate standard deviation (n = 3).

6.3.5 Cytotoxicity assay

The cytotoxicity of curcumin, nanosystems and chitosan were assessed using
MTS test through the evaluation of Caco-2 cells viability. As shown in
Figure 6.8, free curcumin and nanosystems were not toxic relatively to the
control group (cells with RPMI medium), indicating that all samples had no
effect in Caco-2 cell viability after 4 h of incubation in the tested concentrations

(between 4.8 and 19 ug curcumin mL™"). Furthermore, chitosan did not present
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toxicity towards the control group (data not shown). These results ensure the
safety of curcumin and nanosystems to be further tested for cellular antioxidant

activity and for permeability studies.
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Figure 6.8 — Cell viability in percentage in function of curcumin concentration in terms of pg/mL.

Bars indicate standard deviation (n = 3).

6.3.6 Cellular antioxidant activity

Curcumin is a well-known antioxidant compound (Pinheiro et al., 2016; Siviero
et al., 2015; Zou et al., 2015). Several in vitro chemical antioxidant assays have
been performed to evaluate the antioxidant activity of curcumin in the presence
of different free radicals (Ak & Gilgin, 2008; Jayaprakasha et al., 2006).
Nonetheless, the wide usage of these antioxidant chemical assays do not
account for some physiological conditions that happens in vivo, such as, cell
uptake, metabolism and distribution of the bioactive compounds (Wolfe & Liu,
2007). For this reason, in this work the cellular antioxidant activity (CAA) of free
curcumin and curcumin entrapped within nanosystems (undigested) were
quantified in the human cell model Caco-2. In this assay, dichlorofluorescein is
trapped in the cells and is oxidized to fluorescent dichloroffluorescein. This
method measures the ability of antioxidants to prevent the formation of
fluorescent dichloroffluorescein by AAPH-generated peroxyl radicals (Serra,

2010; Wang & Joseph, 1999). Thus, the decrease in the cellular fluorescence
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when compared to the control cells indicates the antioxidant activity of
curcumin. Table 6.1 presents the ECso (ug curcumin mL™") and CAA (umol L™
quercetin equivalents (QE) mg” curcumin) values for free curcumin and
curcumin entrapped in the nanosystems. Table 6.1 shows that curcumin
encapsulated in the nanosystems had higher CAA value than curcumin
solubilized in ethanol (0.21 + 0.01 pmol L' QE mg™ curcumin). Nanosystems
exhibited 8.5 and 9.9-fold higher values of CAA for nanoemulsion and multilayer
nanoemulsion, 1.79 + 0.08 umol L™" QE mg™ curcumin and 2.08 + 0.16 pmol L
QE mg” curcumin, respectively. Results show that CAA values of curcumin
encapsulated in the nanosystems significantly (p<0.001) increased when
compared to free curcumin, suggesting that nanoencapsulation of curcumin
using WPI as emulsifier lead to an increase of the cellular antioxidant activity of
curcumin in Caco-2 cells. The use of a chitosan layer did not have significant
impact (p>0.001) in the CAA value, suggesting that chitosan did not enhance
the cellular antioxidant capacity of curcumin. The enhanced CAA may be
explained by the fact that free curcumin was solubilised in ethanol and cell
media, which could limited the solubility of curcumin. On the other hand,
curcumin encapsulated in the nanosystems has a larger surface area, therefore
increasing the CAA values (Sessa et al., 2011; Yu et al., 2011). Another
explanation may be the fact that curcumin suffers rapid hydrolysis at weak basic
conditions (ethanol and media) that may induce their rapid degradation.
Otherwise, both nanosystems could stabilize curcumin against hydrolysis (Yu et
al., 2011). Yu and co-workers 2011, suggested that micelle encapsulation
enhanced the CAA of curcuminoids in HepG2 cell line (liver hepatocellular
carcinoma cells) by 2-fold when compared to free curcuminoids solubilised in

DMSO (Yu et al., 2011), which is in accordance with our work.
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Table 6.1 — ECsq (Mg curcumin mL’1) and CAA (umol L' QE mg’1 curcumin) values for the
inhibition of Peroxyl Radical-Induced DCFH Oxidation by curcumin and nanoemulsions (Mean %
SD, n =3)

ECso CAA
Samples _ 4 4 4 )
(Mg curcumin mL™)  (umol L™ QE mg™ curcumin)
Curcumin 16.4 £ 0.6 0.21 £ 0.01
Nanoemulsion 1.97 £ 0.09 1.79 £ 0.08
Multilayer

) 1.69+0.13 2.08 £0.16
nanoemulsion

6.3.7 Permeability assays

The transport mechanisms of curcumin loaded in the lipid-based nanosystems
(undigested) were evaluated using Caco-2 cell monolayers, aiming at
simulationg the small intestine epithelium. The selected concentration of
curcumin for the permeability studies was 19 pg mL’ since at these
concentrations the nanosystems did not show cytotoxicity. The apparent
permeability coefficient (Papp) of most compounds ranges between 1.0 x 1077
and 1.0 x 10™° cm s™. Usually a poorly transported compound exhibits a Papp
value of ~1.0 x 107" cm s, whereas a well transported compound has a Py,
value of ~1.0 x 10™° cm s™'. Otherwise, average permeable compounds will
exhibit Papp values of ~1.0 x 107° cm s™ (Gao et al., 2001; Sessa et al., 2014).
The curcumin permeation rates for nanoemulsion and multilayer nanoemulsion
are showed in Figure 6.9. The permeation rate for curcumin nanoemulsion was
determined as 1.25 + 0.05 x 10° cm s™, that falls in the range of the averagely
permeable compounds. The rate of permeation of curcumin across the cells
monolayer increased as function of time (data not shown) and the TEER values
(not shown) did not change significantly (p>0.05), suggesting that curcumin
permeated the cells monolayer through transcellular pathway (Li et al., 2015a;
Sun et al., 2015; Yu & Huang, 2012). Nevertheless, these results do not show if
nanoemulsions permeate directly across the Caco-2 cell monolayers (Yu &

Huang, 2012). Also, the permeation rate for curcumin multilayer nanoemulsion
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was determined as 1.93 + 0.02 x 10°® cm s (Figure 6.9), 1.55-fold higher
(p<0.05) than the value obtained for the nanoemulsion. Chitosan is known for
its ability to facilitate the widening of tight junctions, enhancing the paracellular
transport of bioactive compounds, such as curcumin, across the Caco-2 cells
monolayer (Smith et al., 2004; Ting et al., 2014). In our study, the presence of
chitosan significantly decreased (p<0.05) the TEERS value, suggesting that
curcumin multilayer nanosystem were also able to directly diffuse through Caco-
2 cell tight junctions. A reduction of ~90 % in TEER values can indicate that
lipid-based nanosystems could disrupt the tight junctions, enhancing the
transport of the bioactive compounds via paracellular pathway (Li et al., 2015b;
Wang et al., 2015). Despite the reduction of the TEER values, Caco-2 cells
monolayer did not shown visual signs of damage. Thus, these results suggest
that both transcellular and paracellular pathways may exist at the same time

when nanoemulsions with a chitosan layer are absorbed.
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Figure 6.9 — The apparent permeability coefficient (Pap,) for nanoemulsion and multilayer
nanoemulsion in terms of curcumin after 2 h of incubation time. The results are presented as

the mean values of duplicates experiments.

In addition, the cellular uptake of curcumin delivered by nanoemulsions and
multilayer nanoemulsions was quantified (Figure 6.10). The use of a chitosan

layer significantly increased the cellular uptake by endocytosis from 4.44 *
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0.11 % to 10.50 + 0.15 %, which represents an increase of 2.36-fold on the
cellular uptake. Since size and surface properties (such as charge and
hydrophobicity) of the nanosystems governs the cellular uptake, this result may
be explained by the positive charges that the multilayer nanoemulsion had, due
chitosan amino groups, being the multilayer nanoemulsion internalized into the
Caco-2 cells, whereas the negative charge of WPI due to electrostatic
repulsions can decrease the uptake efficiency (Li et al., 2015b). Hydrophilic
polyelectrolytes such as chitosan can enhance nanosystems transport through
the Caco-2 cells via specific interaction between nanosystems and intestinal
epithelium (des Rieux et al., 2006; McClements, in press). For instance Harush-
Frenkel and co-workers (2007) reported that negative nanoparticles, due to
repulsions between the nanoparticles and negative charged HelLa cells, had a
lower cellular uptake, when compared with positive charged nanoparticles
(Harush-Frenkel et al., 2007; Li et al., 2015b).

12
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Nanoemulsion Multilayer nanoemulsion

Figure 6.10 — Cellular uptake in percentage for nanoemulsion and multilayer nanoemulsion.

The results are presented as the mean values of duplicates experiments.

The mass balance performed (data not shown) presented a low value of
curcumin recovery (between 30 % to 40 %), which suggests that curcumin
could have been metabolized by the Caco-2 cells, accumulated in the cell

monolayer, bind to the plate, as well as lost during the washing step or during
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sample preparation for HPLC (Cyprotex; Li et al., 2015b; McClements, in
press). Curcumin nanosystems after being internalized in the Caco-2 cells may
have been consumed in metabolic processes such as reduction, conjugation,
dehydroxylation, cyclization, and methylation (Li et al., 2015b; McClements, in
press). In fact, curcumin undergoes metabolic O-conjugation to curcumin
glucuronide and curcumin sulfate and bioreduction to tetrahydrocurcumin,
hexahydrocurcumin, octahydrocurcumin, and hexahydrocurcuminol (Prasad et
al., 2014).

6.4 Conclusions

The purpose of this study was to develop lipid-based nanosystems, while
evaluating the effect of a chitosan layer on nanosystems stability during in vitro
digestion, on lipids digestibility and curcumin bioaccessibility. Also the
cytotoxicity, cellular antioxidant activity and transport properties through a Caco-
2 cell monolayer of undigested nanosystems were evaluated. Results showed
that both nanosystems (nanoemulsion and multilayer nanoemulsion) can
increase the bioaccessibility of curcumin. Also, results suggest that WPI
nanoemulsions and chitosan-coated nanoemulsions can significantly increase
the cellular antioxidant activity of curcumin, suggesting that both systems can
be used for the delivery of water-insoluble curcumin. Permeability assays
performed in Caco-2 cells showed that the use of chitosan can enhance the
apparent permeability coefficient of curcumin by 1.55-fold. Although the
permeation rate multilayer nanoemulsion was higher than that of nanoemulsion,
both the transcellular and paracellular pathways may exist at the same time.

This study suggests that food grade lipid-based nanosystems can be designed
as delivery systems offering the opportunity to create functional foods able to

maximize curcumin antioxidant capacity.
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CHAPTER 7/

GENERAL CONCLUSIONS

This chapter provides the overall conclusions of this thesis, as well as

recommendations and suggestions for future work.

7.1 | Conclusions 231

7.2 | Recommendations 233
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7.1 Conclusions

The work presented in this thesis is the result of a systematic study that aimed
at the development of lipid-based nanosystems for controlled release of
lipophilic bioactive compounds in the gastrointestinal tract. In order to fulfil this
main objective this thesis followed the development and characterization of
nanoemulsions and multilayer nanoemulsions, with the further incorporation of
curcumin as model bioactive compound, and the evaluation of their behaviour
when subjected to digestion in a dynamic artificial gastrointestinal system.
The cytotoxicity of the developed lipid-based nanosystems was also
addressed, as well the cellular uptake and apparent permeability coefficient of
curcumin through Caco-2 cells. The main contributions of this thesis are

summarized below:

* The high-pressure homogenization technique successfully produced
nanoemulsions using different surfactants or proteins, which were
kinetically stable during storage (at least 28 days);

* Homogenization pressure, surfactant type and oil concentration were
found to be critical to achieve the desired hydrodynamic diameter,
polydispersity index and zeta potential of nanoemulsions;

* The use of small molecules’ surfactants such as SDS lead to smaller
droplet sizes due to the faster adsorption kinetics to the interface that
reduced size and recoalescence phenomena. The increase of surface
charge may slow down the creaming rate, due to the increase of
repulsive forces between droplets. Anionic nanoemulsions displayed
the highest stability against creaming after 1 year of storage;

* LbL assembly technique, using chitosan and alginate, can be used to
successfully change the surface characteristics of curcumin
nanoemulsions;

* The deposition of chitosan and alginate results in the formation of a
stable multilayer structure, mainly due to electrostatic interactions
between the polyelectrolytes, whereas interactions such as hydrogen

bonds might also be involved;
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* Lipid-based nanosystems were stable to changes in temperature and
present pH-responsiveness;

e Curcumin release from lipid-based nanosystems suggested an
anomalous behaviour, being relaxation of the polymers/surfactant the
main transport phenomenon observed;

* Anionic nanoemulsions can increase curcumin bioaccessibility, while
polyelectrolyte layers were effective in the delaying the lipid
digestibility;

* The build-up of a multilayer nanoemulsion with three layers was
efficient in protecting curcumin from enzymes and bile salts, improving
the antioxidant capacity of curcumin during digestion;

* The use of WPI nanoemulsions and chitosan-coated nanoemulsions
can significantly increase the cellular antioxidant activity of curcumin;

* The use of chitosan as a coating can enhance curcumin apparent
permeability coefficient when compared to nhanoemulsions;

* The permeation rate of the lipid-based nanosystems through Caco-2
cells monolayer suggests that transcellular and paracellular pathways

may exist at the same time.

Briefly, this thesis showed that it is possible to tailor nanoemulsions and
multilayer nanoemulsions by combining high-pressure homogenization and
the LbL technique. The developed work clarified the release mechanism
involved in this type of systems, enlightening the impact of temperature,
solvent and surface properties. Furthermore, this thesis contributed to the
understanding of the behaviour of lipid-based nanosystems during digestion
and the knowledge of their cytotoxicity and permeation mechanism using
Caco-2 cells. The developed lipid-based nanosystems can be used as

platforms for the design of functional foods with different functionalities.
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7.2 Recommendations

Even though the main purposes of this thesis have been accomplished, work
stil needs to be done in order to better understand how lipid-based
nanosystems will behave inside the human body and to elucidate consumers’
awareness and knowledge towards nanotechnology. Thus, some
recommendations for improvements of the present work and guidelines for
future work in nanotechnology applied to food science can be advanced:

* The behaviour of the lipid-based nanosystems should be evaluated in
real food systems;

* Assessment of nanosystems behaviour under more complex in vitro
digestion models, being these able to contemplate the intestinal
microflora influence;

* The apparent permeability coefficient using Caco-2 and HT29 cells
monolayer, in order to mimic the epithelial mucus layer, should be
determined,;

* The transport phenomena using M cells should be studied in order to
better understand the internalization of bioactive compounds;

* Bioactive compounds bioavailability after nanosystem digestion on the
dynamic gastrointestinal system in combination with the use of human
intestinal cells, such as Caco-2 and HT29, should be re-evaluated,
resulting in a more reliable value of bioavailability of bioactive
compounds;

* Further studies regarding the cellular uptake, in order to clarify and
guantify curcumin metabolites after cell internalization should be made;

* In vivo studies in animals (rats) and further comparison with the results
obtained with the dynamic in vitro gastrointestinal system should be
performed,;

* In vivo studies should be made in order to clarify the consumers’

opinion towards nanotechnology.
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