
 

 

 

 

 

 

 

 

 

ENCAPSULATION OF PROCYANIDINS IN DOUBLE EMULSIONS 
STABILIZED BY PROTEIN–POLYSACCHARIDE COMPLEXES 

 
Rikkert Berendsen 

 
Dipòsit Legal: T 1926-2014 

 
 

ADVERTIMENT. L'accés als continguts d'aquesta tesi doctoral i la seva utilització ha de respectar els drets 
de la persona autora. Pot ser utilitzada per a consulta o estudi personal, així com en activitats o materials 
d'investigació i docència en els termes establerts a l'art. 32 del Text Refós de la Llei de Propietat Intel·lectual 
(RDL 1/1996). Per altres utilitzacions es requereix l'autorització prèvia i expressa de la persona autora. En 
qualsevol cas, en la utilització dels seus continguts caldrà indicar de forma clara el nom i cognoms de la 
persona autora i el títol de la tesi doctoral. No s'autoritza la seva reproducció o altres formes d'explotació 
efectuades amb finalitats de lucre ni la seva comunicació pública des d'un lloc aliè al servei TDX. Tampoc 
s'autoritza la presentació del seu contingut en una finestra o marc aliè a TDX (framing). Aquesta reserva de 
drets afecta tant als continguts de la tesi com als seus resums i índexs. 
 
 
ADVERTENCIA. El acceso a los contenidos de esta tesis doctoral y su utilización debe respetar los 
derechos de la persona autora. Puede ser utilizada para consulta o estudio personal, así como en 
actividades o materiales de investigación y docencia en los términos establecidos en el art. 32 del Texto 
Refundido de la Ley de Propiedad Intelectual (RDL 1/1996). Para otros usos se requiere la autorización 
previa y expresa de la persona autora. En cualquier caso, en la utilización de sus contenidos se deberá 
indicar de forma clara el nombre y apellidos de la persona autora y el título de la tesis doctoral. No se 
autoriza su reproducción u otras formas de explotación efectuadas con fines lucrativos ni su comunicación 
pública desde un sitio ajeno al servicio TDR. Tampoco se autoriza la presentación de su contenido en una 
ventana o marco ajeno a TDR (framing). Esta reserva de derechos afecta tanto al contenido de la tesis como 
a sus resúmenes e índices. 
 
 
WARNING. Access to the contents of this doctoral thesis and its use must respect the rights of the author. It 
can be used for reference or private study, as well as research and learning activities or materials in the 
terms established by the 32nd article of the Spanish Consolidated Copyright Act (RDL 1/1996). Express and 
previous authorization of the author is required for any other uses. In any case, when using its content, full 
name of the author and title of the thesis must be clearly indicated. Reproduction or other forms of for profit 
use or public communication from outside TDX service is not allowed. Presentation of its content in a window 
or frame external to TDX (framing) is not authorized either. These rights affect both the content of the thesis 
and its abstracts and indexes. 



1

1

UNIVERSITAT ROVIRA I VIRGILI 
ENCAPSULATION OF PROCYANIDINS IN DOUBLE EMULSIONS STABILIZED BY PROTEIN–POLYSACCHARIDE COMPLEXES 
Rikkert Berendsen 
Dipòsit Legal: T 1926-2014



2

UNIVERSITAT ROVIRA I VIRGILI 
ENCAPSULATION OF PROCYANIDINS IN DOUBLE EMULSIONS STABILIZED BY PROTEIN–POLYSACCHARIDE COMPLEXES 
Rikkert Berendsen 
Dipòsit Legal: T 1926-2014



3

UNIVERSITAT ROVIRA I VIRGILI 
ENCAPSULATION OF PROCYANIDINS IN DOUBLE EMULSIONS STABILIZED BY PROTEIN–POLYSACCHARIDE COMPLEXES 
Rikkert Berendsen 
Dipòsit Legal: T 1926-2014



4

UNIVERSITAT ROVIRA I VIRGILI 
ENCAPSULATION OF PROCYANIDINS IN DOUBLE EMULSIONS STABILIZED BY PROTEIN–POLYSACCHARIDE COMPLEXES 
Rikkert Berendsen 
Dipòsit Legal: T 1926-2014



i

Rikkert Berendsen

Encapsulation of procyanidins in double
emulsions stabilized by

protein–polysaccharide complexes

DOCTORAL THESIS

Supervised by
Dr. Montserrat Ferrando Cogollos

Co-supervised by
Dr. Carme Güell Saperas
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EEµcapsule [%] microcapsule encapsulation efficiency
g [m s−2] gravity
He [mm] total emulsion height
Hs [mm] serum height
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mn
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[mg] mass of W2 after nth cycle
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Abstract

The regular intake of foods rich in bioactive compounds, such as polyphenols,
has been linked to a risk reduction in cardiovascular diseases and certain types of
cancer. Although their particular role on reducing risk factors requires a better
understanding, in vitro and clinical studies show consistently their positive effects
on human health. As a result, the use of commercial extracts rich in polyphenols
from different sources (i.e. grapes, tea, apple, etc.) to formulate foods and bev-
erages has become a trend in the sector. Nevertheless, the effectiveness of those
extracts depends on preserving the stability, bioactivity and bioavailability of the
active ingredients.

A strategy to improve the stability and bioavailability of sensitive bioac-
tive compounds is encapsulation. In this work, we investigated two encapsula-
tion systems to entrap a procyanidin-rich extract: double (water-in-oil-in-water,
W1/O/W2) emulsions and solid microcapsules (spray dried double emulsions).
Premix membrane emulsification was the methodology applied to produce emul-
sions because it uses low shear stresses (what reduces the release of W1 droplets
during emulsification), requires low energy input and shows a good control of
droplet size distribution.

We have focused on how the type and structure of the layer at the oil-water
interface, made of whey proteins and polysaccharides, affects the physical and
chemical stability of emulsions, and their capacity to retain procyaninds during
processing and further storage. To understand the role of the interfacial layer, the
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xviii

properties of the several amphiphilic emulsifiers in aqueous solution and absorbed
to plane surfaces, which mimic the O–W interfaces in real emulsions, have been
determined.

Premix ME enabled to produce single and double emulsions with a droplet
size close to the membrane pore size (10 µm). To stabilize emulsions, several
hydrophilic emulsifiers were used to adsorb on the oil-in-water (O/W) emulsion
interface: whey protein isolate (WPI), and WPI–Carboxymethyl cellulose (WPI–
CMC), WPI–Gum Arabic (WPI–GA) and WPI–Chitosan (WPI–Chi) complexes.
Adsorption measurements by means of Surface Plasmon Resonance (SPR) showed
that WPI–polysaccharides interfaces form thicker but less dense layers than only
WPI. Furthermore, WPI–CMC and WPI–GA complexes produced an interface
with a negative surface charge, while WPI and WPI–Chi lead to an interfacial
layer positively charged.

Initially we assessed that premix ME enabled to produce sunflower O/W emul-
sions stabilized by different interfacial structures made of WPI and CMC. Although
SPR measurements confirmed the adsorption between the several layers, only O/W
emulsions stabilized by one interfacial layer (either WPI or WPI–CMC complex)
did not coalesce after preparation. Even though WPI stabilized emulsions showed
a mean droplet size close to the pore membrane size (10 µm), a significant amount
of much smaller droplets contributed to increase droplet dispersion. This seemed
to affect emulsion stability during storage.

The oxidation rate of sunflower O/W emulsions strongly depended on the in-
terfacial composition: TBARS (by-product of lipid oxidation) in WPI–CMC sta-
bilized emulsions increased much faster than in emulsions with WPI. Adsorption
data at a hydrophobic interface of the WPI–CMC complex suggest that it formed
a thick but less dense interface than WPI. Additionally the negative surface charge
measured in the O/W interface of emulsions stabilized with WPI–CMC complex
indicated that this interface was able to attract any transition metal cation and
promote lipid oxidation. According to these results, some strategies to improve the
oxidation stability of O/W emulsions by tailoring their interface should consider
multi-layer arrangements, e.g. made of WPI, or protein–polysaccharide complexes
having a positive electrical charge at the emulsion conditions, among others.

In the case of procyanidin-loaded W1/O/W2 emulsions stabilized by WPI–
CMC, WPI–GA, or WPI–Chi complexes, the procyanidin encapsulation was at
least 70% at the end of premix ME, regardless of the hydrophilic emulsifier
used. Encapsulation of procyanidin decreased with each premix ME cycle, mainly
linked to the escape of the inner W1 phase as a result of the break-up of W1/O
droplets. Even though no important differences in the procyanidin encapsulation
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were observed among emulsions stabilized with WPI–polysaccharide complexes,
data about the shear stress in the membrane pores would help to better determine
the effect of those on the break-out of inner W1 droplet.

Stability of W1/O/W2 emulsions, encompassing creaming rate, droplet size
distribution and polyphenol release during storage, was affected by the type of
WPI–polysaccharide complex used as emulsifier. In the case of creaming rate,
the viscosity imposed by each WPI–polysaccharide complex to the W2 phase was
a parameter to consider. The progress of the droplet size distribution during
storage, in turn, was affected by pH, due to its influence on the surface charge of
emulsion droplets as well as on the interactions between WPI and each polysaccha-
ride. Hence, different windows of pH values, in which emulsions kept droplet size
distribution stable, were identified for each WPI–polysaccharide complex. Fur-
thermore, release rate constants during 14 days of storage ranged from 5.6 to
11.3 µg mL−1min−0.5 and depended more on the type of hydrophilic emulsifier
than on pH environment. When the release rate constants were related to the
thickness of the interfacial layer made of WPI–polysaccharides (obtained from
SPR measurements), we observed that thicker layers led to lower release rates.
Further research on the relationship between the properties of tailor-made inter-
faces with the diffusion of entrapped bioactive compounds is required to optimize
each particular application.

To obtain solid microcapsules from W1/O/W2 emulsions, a wall material (mal-
todextrin) was added to the freshly produced double emulsions and, subsequently,
the mixture was spray dried. At the operating conditions, the emulsions stabilized
with WPI or WPI–polysaccharide complexes (WPI–CMC, WPI–GA or WPI–Chi,)
showed good resistance to dehydration so that they could be converted into pow-
ders, able to retain procyanidins. Even though all the spray dried double emulsions
recovered the structure of W1/O/W2 emulsions after rehydration, with a clearly
differentiated W1 phase, only rehydrated microcapsules from double emulsions sta-
bilized by WPI–CMC were able to recover the droplet size distribution of the fresh
ones. In this case, emulsions were able to keep their droplet stability over the whole
production process, i.e. from emulsification to spray drying. Bridge flocculation of
the W1/O/W2 emulsions stabilized with WPI–GA and depletion flocculation after
addition of maltodextrin to the WPI–Chi stabilized emulsions are the suggested
instability mechanisms that resulted in polydisperse droplets after microcapsule
rehydration.

Results on encapsulation efficiency indicated that between 72.5% and 79.9%
of the procyanidins in microcapsules were entrapped in the inner W1 droplets,
regardless the hydrophilic emulsifier. It has been shown that, WPI–CMC com-
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xx

plex was able to truly stabilize the W1/O droplets during the different stages of
microcapsule production but it moderately retained the migration of procyanidins
through the W1/O interface. According to this, we observed how small changes in
hydrophilic emulsifiers have large influence on microcapsules and rehydrated mi-
crocapsules. These results suggest that interfacial properties of emulsions prior and
during spray drying should be studied in order to increase microcapsule quality.

For each type of encapsulation system (single emulsion, double emulsion and
spray dried double emulsion) a tailor-made hydrophilic emulsifier is required to
comply with the type of protection needed, the addenda used and the delivery
conditions.
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Resumen

El consumo regular de alimentos ricos en compuestos bioactivos, tales cómo los
polifenoles, se ha asociado a una reducción en el riesgo de contraer enfermedades
cardiovasculares y ciertos tipos de cáncer. Pese a que su papel en la reducción de
factores de riesgo requiere un conocimiento más profundo, estudios in vitro y cĺıni-
cos muestran de forma consistente su efecto positivo en la salud humana. Como
resultado, el empleo de extractos comerciales ricos en polifenoles ha llegar a ser
tendencia en el sector. Sin embargo, la efectividad de estos extractos está condi-
cionada a que se mantenga la estabilidad, bioactividad y biodisponibilidad de los
ingredientes activos.

Una estrategia para mejorar la estabilidad y biodisponibilidad de compuestos
bioactivos es la encapsulación. En este trabajo, se han investigado dos sistemas pa-
ra encapsular extractos ricos en procianidinas: emulsiones dobles (agua-en-aceite-
en-agua, W1/O/W2) y microcápsulas sólidas (emulsiones dobles atomizadas). La
emulsificación por membranas (ME) premix ha sido la metodoloǵıa empleada para
producir las emulsiones debido a que aplica un esfuerzo de cizalladura reducido,
presenta una necesidad energética baja y muestra un buen control de la distribu-
ción del tamaño de gota.

ME premix ha permitido producir emulsiones simples y dobles con un tamaño
de gota similar al del tamaño de poro de la membrana (10 µm). Para estabili-
zar la interfase de las emulsiones aceite-en-agua (O/W), se han empleado varios
emulsificantes hidrof́ılicos: fracción de protéınas de suero de leche (WPI) y los com-
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plejos WPI–carboximetil celulosa (WPI–CMC), WPI–goma Arábica (WPI–GA) y
WPI–quitosano (WPI–Chi). Las medidas de adsorción realizadas mediante Surface
Plasmon Resonance (SPR) mostraron que las interfases estabilizadas con comple-
jos WPI–polisacáridos presentaron un mayor espesor aunque una menor densidad
que las estabilizadas con WPI. Además los complejos WPI–CMC y WPI–GA die-
ron lugar a una interfase con una carga superficial negativa, mientras que en el
caso de WPI y el complejo WPI–Chi, la interfase presentó carga positiva.

Inicialmente se ha evaluado ME premix como técnica para producir emulsiones
de girasol O/W estabilizadas con distintas estructuras interfaciales de WPI y CMC.
A pesar de que las medidas de SPR confirmaron la adsorción entre las distintas
capas, únicamente las emulsiones O/W estabilizadas por una única capa interfacial
(constituida por WPI o el complejo WPI–CMC) no presentaron coalescencia tras
de la preparación. Las emulsiones estabilizadas con WPI mostraron un tamaño
de gota medio próximo al del tamaño de poro de la membrana (10 µm), aunque
la presencia significativa de gotas de tamaño menor contribuyó a aumentar la
dispersión. Esto último afectó la estabilidad de la emulsión con el tiempo.

La velocidad de oxidación de las emulsiones O/W dependió de la composición
de la interfase: los valores de TBARS (subproducto de la oxidación de ĺıpidos)
en emulsiones O/W estabilizadas con WPI–CMC aumentaron mucho más rápida-
mente que en las emulsiones estabilizadas con WPI. Los datos de adsorción a una
interfase hidrófoba de los complejos WPI–CMC sugirieron que éstos formaron una
capa de mayor espesor, pero menos densa que la formada por WPI. Por otro lado
los valores negativos de la carga eléctrica superficial en emulsiones estabilizadas
con WPI–CMC indicaron su capacidad para atraer iones de metales de transición
y provocar la oxidación de ĺıpidos. Según estos resultados, las estrategias para
mejorar la estabilidad de las emulsiones O/W frente a la oxidación basadas en el
diseño de interfases debeŕıan incluir sistemas multi-capa, en los que se emplea-
ran protéınas, como por ejemplo WPI, o complejos WPI–polisacárido capaces de
conferir a la interfase carga positiva.

En el caso de emulsiones W1/O/W2 con procianidinas encapsuladas y que
se estabilizaron con complejos WPI–CMC, WPI–GA o WPI–Chi, la eficacia de
encapsulación fue al menos de un 70 % al finalizar el proceso de ME premix. La
encapsulación de procianidinas disminuyó con cada ciclo de ME premix, lo que
se asoció con la salida de la fase acuosa interna W1, resultado de la ruptura de
las gotas W1/O propia del proceso. No se observaron importantes diferencias en
la encapsulación de procianidinas entre emulsiones estabilizadas con diferentes
complejos WPI–polisacárido, aunque datos sobre el esfuerzo de cizalladura al que
son sometidas las gotas en los poros de la membrana permitiŕıan determinar el
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efecto de éstos sobre la ruptura de las gotas W1/O.

La estabilidad de las emulsiones W1/O/W2, incluyendo velocidad de flotación,
distribución del tamaño de gota y liberación de procianidinas con el tiempo, se
vio afectada por el tipo de complejo WPI–polisacárido utilizado como emulsifi-
cante. En el caso de la velocidad de flotación, la viscosidad originada por cada
complejo WPI–polisacárido en la fase W2 resultó ser un factor importante a tener
en cuenta. La evolución de la distribución del tamaño de gota con el tiempo, a
su vez, se vio afectada por el pH, debido a su influencia en la carga superficial
de las gotas de la emulsión aśı como en las interacciones entre WPI y cada po-
lisacárido. A partir de estos resultados, se han identificado para cada complejo
WPI–polisacárido diferentes rangos de pH en los que las emulsiones mantuvieron
constante su distribución de tamaño de gota. Por otro lado, se han determinado
los valores de las constantes de liberación de procianidinas durante un periodo de
14 d́ıas, con valores que oscilan entre 5,6 y 11,3 µg mL−1min−0,5. Estos valores
se mostraron más dependientes del tipo de emulsificante empleado que del pH del
medio. Al relacionar las constantes de velocidad de liberación con el espesor de
las capas interfaciales constituidas por complejos WPI–polisacárido (obtenidos a
partir de medidas de SPR), se observó que las capas de mayor espesor condujeron
a menores velocidades de liberación. En este sentido y con el fin de poder optimi-
zar cada aplicación particular, resulta necesario investigar con mayor profundidad
la relación entre las propiedades de la interfase y la difusión de los compuestos
bioactivos encapsulados.

Para obtener microcápsulas sólidas a partir de emulsiones W1/O/W2, se adi-
cionó a emulsiones acabadas de preparar un material de pared (maltodextrina) y,
seguidamente, la mezcla se atomizó. A las condiciones de operación empleadas,
se observó que las emulsiones estabilizadas con WPI o complejos WPI–polisacári-
do (WPI–CMC, WPI–GA o WPI–Chi) mostraron buena resistencia frente a la
deshidratación, de manera que todas ellas se convirtieron en un polvo capaz de
retener procianidinas. A pesar de que todas las emulsiones dobles atomizadas re-
cuperaron la estructura de emulsión W1/O/W2 tras la rehidratación, únicamente
las microcápsulas a partir de emulsiones W1/O/W2 estabilizadas con WPI–CMC
fueron capaces de recuperar la distribución de tamaño de gota de las emulsiones
frescas. En este caso, las gotas mantuvieron su estabilidad durante todo el proceso
de producción, es decir, desde la etapa de emulsificación hasta la atomización. La
floculación por formación de puentes, en emulsiones W1/O/W2 estabilizadas con
WPI–GA, y la floculación por agotamiento, después de la adición de maltodex-
trina a emulsiones W1/O/W2 estabilizadas con complejos WPI–Chi, se sugieren
como los mecanismos responsables de la inestabilidad, que dio lugar a emulsiones
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polidispersas tras la etapa de rehidratación de las microcápsulas.
Los resultados sobre eficacia de encapsulación mostraron que entre un 72,5 %

y 79,9 % de las procianidinas de las microcápsulas quedaron retenidas en la fase
acuosa W1, independientemente del tipo de emulsificante empleado. Se ha obser-
vado que el complejo WPI–CMC fue capaz de estabilizar las gotas W1/O durante
las diferentes etapas de la producción de microcápsulas aunque retuvo de forma
moderada la migración de procianidinas a través de la interfase W1/O. Según es-
to, se observó cómo pequeños cambios en los emulsificantes hidrof́ılicos tuvieron
una gran influencia en las propiedades de las microcápsulas y de las microcápsu-
las rehidratadas. Estos resultados sugieren que las propiedades interfaciales de las
emulsiones antes y durante el proceso de atomización debeŕıan de ser estudiadas
con el fin de mejorar la calidad de las microcápsulas.

Para cada tipo de sistema de emulsificación (emulsión simple o doble, o emul-
sión doble atomizada) se necesita diseñar el emulsificante hidrof́ılico que permita
conseguir el tipo de protección requerido, para compuestos determinados, y de
liberación frente a unas condiciones establecidas.

UNIVERSITAT ROVIRA I VIRGILI 
ENCAPSULATION OF PROCYANIDINS IN DOUBLE EMULSIONS STABILIZED BY PROTEIN–POLYSACCHARIDE COMPLEXES 
Rikkert Berendsen 
Dipòsit Legal: T 1926-2014



xxv

UNIVERSITAT ROVIRA I VIRGILI 
ENCAPSULATION OF PROCYANIDINS IN DOUBLE EMULSIONS STABILIZED BY PROTEIN–POLYSACCHARIDE COMPLEXES 
Rikkert Berendsen 
Dipòsit Legal: T 1926-2014



xxvi

UNIVERSITAT ROVIRA I VIRGILI 
ENCAPSULATION OF PROCYANIDINS IN DOUBLE EMULSIONS STABILIZED BY PROTEIN–POLYSACCHARIDE COMPLEXES 
Rikkert Berendsen 
Dipòsit Legal: T 1926-2014



1

1
Introduction & Objectives

UNIVERSITAT ROVIRA I VIRGILI 
ENCAPSULATION OF PROCYANIDINS IN DOUBLE EMULSIONS STABILIZED BY PROTEIN–POLYSACCHARIDE COMPLEXES 
Rikkert Berendsen 
Dipòsit Legal: T 1926-2014



2

UNIVERSITAT ROVIRA I VIRGILI 
ENCAPSULATION OF PROCYANIDINS IN DOUBLE EMULSIONS STABILIZED BY PROTEIN–POLYSACCHARIDE COMPLEXES 
Rikkert Berendsen 
Dipòsit Legal: T 1926-2014



3

Introduction & Objectives

1.1 General introduction

1.1.1 Emulsions

An emulsion is a mixture between two immiscible liquids, usually oil and wa-
ter, with one of the phases dispersed as small spherical droplets into the other
(McClements et al., 2007). Systems where water is dispersed in an oil phase are
called water-in-oil (W/O) emulsions, while an oil-in-water (O/W) emulsion, is an
oil phase dispersed in water. The liquid that forms droplets is referred to as the
dispersed phase, while the liquid that contains the droplets is referred to as the
continuous phase.

According to droplet size, emulsions show differences in their stability and the
methods used to produce them. Emulsions (also known as macroemulsions), with
droplet sizes between 0.2 – 100 µm, are kinetically stable while thermodynamically
unstable and require a substantial energy input to be produced. Nanoemulsions,
with droplets of sizes below 200 nm, show higher stability than emulsions even
though they are still thermodynamically unstable dispersions, thus requiring the
input of some external energy to convert the separate components into a colloidal
dispersion (McClements, 2012). Finally, microemulsions are thermodynamically
stable, transparent isotropic solutions with particles ranging from 5 to 100 nm that
arise from the spontaneous self assembly of the hydrophobic and hydrophilic parts
of surfactant molecules (Flanagan and Singh, 2006). Although microemulsions,
because of their enhanced long-term stability, have found applications over a wide
range of areas, such as pharmaceutical or cosmetics, their application to food has
been limited by the types of surfactants used to facilitate microemulsion formation
and the low solubility shown by long-chain triglycerides (Flanagan and Singh,
2006).

As thermodynamically unfavorable systems that tend to break-down over time
due to a variety of physicochemical mechanisms, emulsions become kinetically
stable for a reasonable period of time by including substances such as emulsifiers
able to stabilize the O–W interface. Emulsions are widely used in industries such
as pharmaceutical, cosmetic, agricultural, petrochemical and food (Nazir et al.,
2010). Typical examples of emulsions in the food industry include vinaigrettes,
milk, mayonnaise and sauces.

Recently double emulsions, a more complex type of liquid-liquid dispersion,
have been receiving increased interest. Double emulsions (also duplex or multi-
ple emulsions) are emulsions of emulsions such as an oil-in-water-in-oil (O/W/O)
emulsion or a water-in-oil-in-water (W/O/W) emulsion (Charcosset, 2009). In the
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later case water droplets (W1) are dispersed in a larger oil droplet (O) which in
turn is dispersed in a continuous aqueous phase (W2). There are two different
interfacial layers in this type of emulsion: the W1–O interface surrounding the
inner water droplets, and the O–W2 interface surrounding the oil droplets. Conse-
quently, two different types of emulsifier are usually needed to stabilize W1/O/W2

emulsions: an oil-soluble emulsifier for the inner water droplets and a water-soluble
emulsifier for the oil droplets. Due to their increased interfacial area, these double
emulsions have a lower thermodynamic stability than single emulsions. In ad-
dition, the prepared double emulsions are susceptible to break-down (to become
single emulsions) during processing, among other mechanisms by the migration of
water between the inner and the outer aqueous phases.

Although, double emulsions are less stable than single emulsions, they have
some potential advantages. The inner water (W1) phase can be used as a car-
rier of flavors, aromas, colors, preservatives, antimicrobials, vitamins, minerals,
polyphenols, amino acids, bioactive proteins, enzymes, or peptides, keeping them
apart from the continuous aqueous phase. Entrapment of these ingredients can:

• protect them from environmental effects

• be used as delivery system

• mask undesired sensory attributes.

Other usage of double emulsion is for reduced fat products, where the inner
water droplet reduces the total volume of fat, keeping the same outer droplet size,
and having a minor effect on sensory aspects.

Emulsification systems

Emulsification consists of dispersing one fluid into another non-miscible fluid by
creation of an interface. The energy requirements that involve the creation of new
interfacial area mainly depend on the interfacial tension between the two phases
and the size of the newly created droplets. Emulsions properties (like stability and
rheological properties) and their industrial uses are not only governed by variables
such as temperature and composition but also by the droplet size distribution
(Leal-Calderon et al., 2007).

The several methods developed for producing emulsions differentiate in how en-
ergy is applied to the two-phase system, the mechanisms of droplet disruption and,
overall, in their energy efficiency to obtain a particular droplet size distribution.
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Conventional emulsifier systems Conventional methods to prepare emulsions
encompass stirring equipment, colloid mills, homogenizers or ultrasonics. These
systems are industrially applied due to their high throughput. However, such
methods utilize a strong shearing stress which may result in coalescence of the
dispersed phase and subsequently in a poor control over droplet size and distribu-
tion. In addition, the high shear and extensional stresses applied to the product
may cause loss of functional properties of heat and shear sensitive components. To
overcome these problems, alternative methods for emulsification using microstruc-
tured systems have received increasing attention (Nazir et al., 2010, Charcosset,
2009).

Emulsification by microfluidic devices In the last few decades, new tech-
niques have been investigated to produce emulsions with a narrow droplet size
distribution, while being more energy efficient. Several of these techniques have
been found to produce mono-disperse emulsions, where the geometry of the system
is the main determinant of the droplet sizes. The systems can be divided into two
groups:

i) shear based systems (Figure 1.1a and b), where flow of continuous and disperse
phase need to be controlled:

• T-junction (Graaf et al., 2004, Thorsen et al., 2001)

• Y-junction (Kubo et al., 2006)

• microcapillary device (Utada et al., 2005, Muschiolik, 2007)

• parallelized cross-flow junctions (Nisisako and Torii, 2008)

• flow-focusing (Anna et al., 2003)

• co-flowing system (Umbanhowar et al., 2000)

ii) spontaneous droplet formation systems (Figure 1.1c), where only the flow of
the dispersed phase is critical for droplet formation:

• microchannel (Sugiura et al., 2002, Muschiolik, 2007, Kobayashi et al.,
2002a)

• EDGE-based droplet generation (van Dijke et al., 2010)

• hollow fiber emulsification (Hoppe and Melin, 2007, Breisig et al., 2014)
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These systems have been used for small scale droplet production or to study the
mechanisms behind droplet formation. In addition, there is a limited number of
applications in which food-grade ingredients have been used to produce emulsions
with a mean droplet size in the commercial range (about some few microns).
Furthermore, wetting and fouling of micro devices have often been neglected while
being crucial for robust prolonged operation and cleanability. For all this, scale-up
is still an issue in spite of the significant advances already made (van Dijke et al.,
2010).

Membrane emulsification Membrane emulsification (ME) is an alternative
technique to produce emulsions with a narrow droplet size distribution applying
a low energy input compared to that required by conventional emulsification
techniques. Two types of membrane emulsification are commonly used, namely
direct (or cross-flow) and premix ME. The process parameters primarily con-
trolling droplet size distribution and transmembrane flux in ME are: membrane
properties, membrane wetting, transmembrane pressure, wall shear stress and
phase parameters (e.g. interfacial tension, viscosity and density of continuous
and disperse phases). The membrane emulsification method involves using a
transmembrane pressure to force the dispersed phase (in direct ME) or the
coarse pre-emulsion (in premix ME) to permeate through the membrane. Droplet
formation takes place at either the membrane pore end (in direct ME) or within
the membrane pores (in premix ME).

i) Membranes
A membrane is a porous structure where the pores work as a kind of channels.
Droplet break-up can be compared to that occurring in the channels of microfluidic
devices although pores are less precisely defined. Membrane pore size and distribu-
tion lead to different membrane resistance, and thus droplet break-up (Charcosset,
2009). The type of material determines the membrane microstructure and wetta-
bility. Various materials have been used to produce emulsions, such as:

• silicon nitride (Zhu and Barrow, 2005, Geerken et al., 2007)

• polycarbonate (Kobayashi et al., 2002b)

• ceramic aluminium oxide (α Al2O3) (Schröder et al., 1998)

• zirconia (Joscelyne and Träg̊ardh, 1999)

• polytetrafluoroethylene (PTFE) (Suzuki et al., 1998, Yamazaki et al., 2003)
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• polypropylene (Sotoyama et al., 1999)

• silica glass (Fuchigami et al., 2000)

• polyamide (Giorno et al., 2003, 2005)

• silica-based monolithic (Hosoya et al., 2005)

• Shirasu porous glass (SPG) (Charcosset, 2009)

Depending on the material, different techniques, such as track-etching or chemi-
cal synthesis, are used to produce membranes which results in a wide range of
membrane properties. A variety of pore sizes, with circular, square, or slit shaped
pores surfaces with different area, or materials with diverse wettability (either
hydrophobic or hydrophilic) can be commercially found.

Shirasu porous glass (SPG) membranes, synthesized from CaO–Al2O3–
B2O3–SiO2-type glass made from a Japanese volcanic ash, are the most used in
ME. Their structure with uniform cylindrical interconnected pores, mean pore
diameters from 0.05 to 30 µm and porosity between 50 – 60% seems to facilitate
droplet break-up, although the percentage of active pores is usually below 10%.
The surface wettability can be changed by reaction with organic silanes, such as
octadecyltrichlorosilane (Charcosset, 2009).

ii) Direct ME
In direct ME (see Figure 1.1a) the to-be-dispersed phase is pressurized through a
microporous membrane into the continuous phase. To detach the droplets which
are formed at the membrane surface, some shear stress is applied. Usually a flow
of the continuous phase over the membrane surface provides a tangential shear
that induces droplet snap-off. This flow should be not excessive to prevent further
droplet break-up. Other methods to induce droplet detachment are rotation or
vibration of the membrane (Charcosset, 2009).

Transmembrane pressure (∆Ptm), is the pressure needed for the dispersed
phase to flow through the membrane pore (by Darcy’s law) and form droplets
at the membrane pore end (Laplace pressure). ∆Ptm for direct ME is expressed
by:

∆Ptm,directME = ηdJdRm +
4γow cos θ

dd
(1.1)

where ηd is the dispersed viscosity, Jd the dispersed phase transmembrane
flux, Rm the membrane resistance, γow the O–W interfacial tension, θ the contact
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(a) (b) (c)

Figure 1.1: Emulsification systems: (a) direct ME, which is a shear based system, the
flow of continuous and dispersed phase needs to be controlled, (b) premix
ME, is a shear based system, where continuous and dispersed phase are
mixed in a previous step, and (c) microchannel emulsification, which is
a spontaneous droplet formation system, only the flow of the dispersed
flow is critical for droplet formation.

angle of the oil droplet against the membrane surface wetted with the continuous
phase and dd the mean droplet size (Luca et al., 2004, Peng and Williams, 1998).
Although process, membrane and phase parameters influence the emulsifying
process, only the wetting behavior of the dispersed phase at the pore openings to
the continuous phase (θ) governs the droplet formation and therefore droplet size
and distribution (Fuchigami et al., 2000).

iii) Premix ME
In premix ME (see Figure 1.1b), first an emulsion with large droplet sizes (coarse
emulsion) is prepared using a conventional emulsification system. Secondly this
coarse emulsion is pressurized through a microporous membrane where the large
emulsion droplets are broken into smaller ones. Repetitive passage of the emulsions
through the membrane is needed to reduce and homogenize droplet sizes. The
formation of mono-disperse emulsions in membrane pores has been suggested to
occur by several phenomena (van der Zwan et al., 2006):

• snap-off due to localized shear forces
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• break-up due to interfacial tension effects (Rayleigh and Laplace instabilities)

• break-up due to steric hindrance between droplets

In premix ME, in which an emulsion passes several times through the mem-
brane, transmembrane pressure depends on droplet break-up, membrane resistance
and, eventually, membrane fouling. The transmembrane pressure, is a combina-
tion of the required pressure to overcome flow resistances inside the pores and to
break-up droplets. ∆Ptm for premix ME is expressed by:

∆Ptm,premixME = ηeJe(Rm +Rf ) + Cφγow

( 1

dd,f
− 1

dd,i

)
(1.2)

where ηe is the emulsion viscosity in the pores, Je is the emulsion transmem-
brane flux, Rm the membrane resistance of a clean membrane, Rf the overall
fouling resistance, C a constant, φ volume fraction of dispersed phase of the emul-
sion, dd,f the droplet size of the finally obtained emulsion, and dd,i the droplet
size of the initial emulsion (Nazir et al., 2010). According to Vladisavljević et al.
(2004) the extent of droplet disruption is closely related to the wall shear stress
(σw,p) inside the membrane pores.

σw,p =
8ηeJeξ

εdp
(1.3)

where ξ the mean tortuosity factor of the pores, ε the mean membrane porosity,
and dp the pore diameter. Considering the effect of transmembrane pressure on
droplet break-up, three different regions can be distinguished (Vladisavljević et al.,
2004):

i) at low transmembrane pressures, the large coarse emulsion droplets are insuf-
ficiently deformed to enter the membrane pores

ii) above critical pressure the large droplets enter the pores but due to small
shear stresses inside the pores, droplet sizes are larger than the pore diameter

iii) at high transmembrane pressures droplets smaller than the pore diameter are
formed due to higher shear stresses and droplet collisions between droplets
and pore walls.

Thicker membranes give more uniform emulsions due to multiple droplet
break-up inside the membrane. Wetting of the membrane with the continuous
phase is of importance to lower the contact angle between the droplets and
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membrane in order to produce uniform droplet sizes. Membranes that are
incompletely wetted by the continuous phase often give high polydispersity and
larger average droplet sizes (Nazir et al., 2010).

iv) Direct versus premix ME
Direct and premix ME production processes have both their own advantages and
disadvantages that make them suitable for different applications. In direct ME,
droplet sizes are typically a factor 2 – 10 times larger than the membrane pore
diameter while in premix ME the droplet to pore size ratio ranges from 1.25 to
0.68 after five passes (Nazir et al., 2010, Joscelyne and Träg̊ardh, 2000). However,
emulsions obtained by premix ME are not as mono-disperse as with direct ME. In
the case of direct ME, monodispersity is mainly determined by the pore diameter
distribution, while in premix ME it is mainly influenced by the wall shear stress.
The main disadvantage of direct ME is the requirement of large membrane surface
area to obtain high throughput at reasonable production rates, which is one or
two magnitudes smaller than premix ME which is typically above 1 m3m−2h−1.
Furthermore, premix ME process is easier to control and operate than direct ME,
since the driving pressure and emulsifier properties are not as critical for the suc-
cessful operation as in the direct ME process. Also, from an energy cost point of
view, less energy input is needed for premix ME due to the absence of continuous
phase flow as in direct ME, though, in premix ME an coarse emulsion must be
made before emulsifying. The main drawback of premix ME is the fouling of the
membrane which may become worse depending on the emulsion formulation used
(Vladisavljević and Williams, 2005).

Both direct and premix ME offer a great potential in comparison to conven-
tional emulsification systems since less emulsifier is needed, lower shear stresses
and less heat are applied. These advantages make ME suitable for producing
emulsions which may contain compounds sensitive to heat or mechanical stress or
for producing double emulsions.

v) Production of double emulsions
Production of double emulsions (W1/O/W2) is usually done in a two-step proce-
dure. First, by preparing a W1/O emulsion, where hydrophobic emulsifiers are
used to stabilize the W1–O interface. This emulsification used to be performed
under high shear conditions (e.g. conventional emulsification methods) to obtain
small droplets. Second, by adding the W1/O emulsion to a W2 phase which
contains a hydrophilic emulsifier. This emulsification step should be carried out
under less shear to avoid the rupture of the internal W1/O droplets. In the sec-
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ond emulsification step, ME offers a great potential in comparison to conventional
emulsification systems since lower shear stresses are used, what makes ME suitable
for the production of double emulsions.

Stabilization of emulsions

To make emulsions kinetically stable for a limited period of time, emulsifiers are in-
cluded in their formulation. As surface active molecules that adsorb to the surface
of freshly formed droplets during homogenization, emulsifiers form a protective
layer that prevents droplets from coalescing. Additionally they have the ability
to reduce the interfacial tension, decreasing the energy requirements during emul-
sification. If possible, emulsifiers should quickly adsorb to the oil-water interface
during emulsification, reducing significantly the interfacial tension and preventing
droplet coalescence. Emulsifiers vary widely in their ability to form and stabilize
emulsions depending on their molecular and physicochemical properties (Capek,
2004).

Surfactants Monomeric low molecular weight surfactants or simply surfactants,
is a group of amphiphilic molecules which consists of a hydrophilic “head” group
attached to a lipophilic “tail” group. The small molecules can rapidly coat freshly
created oil-water interfaces, where the lipophilic tail group interpenetrates the oil
phase and the hydrophilic head sticks in the aqueous phase, thus lowering the to-
tal free energy. Surfactants are above all very efficient in reducing the interfacial
tension and keeping it constant due to possible desorption. At low concentrations
in solution, surfactants exist as monomers, however, with an increase in concen-
tration above the critical micelle concentration, they spontaneously aggregate into
structures such as micelles, bilayers, vesicles, and reverse micelles. In the case of
micelles in aqueous solution, the unfavorable contact of the lipophilic tail with wa-
ter forces a group of surfactants to put their tails together, and thus reduce their
contact with water. The type of head and the size, shape or amount of tails de-
termines the surfactant geometry, which in turn determines the type of structure
it can form or which type of emulsion it can stabilize i.e. O/W or W/O emul-
sions (McClements et al., 2009). For double emulsions, two type of surfactants are
needed, hydrophilic ones that can stabilize the O–W2 interface and hydrophobic
ones that can stabilize the W1–O interface. Monoglycerides, lecithins, glycolipids,
fatty alcohols and fatty acids have been used as surfactants, but are gradually
replaced by polymeric high molecular weight emulsifiers (Kralova and Sjöblom,
2009).
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Amphiphilic biopolymers Polymeric high molecular weight emulsifiers encom-
pass proteins and polysaccharides. Proteins are polymers of amino acids, whereas
polysaccharides are polymers of monosaccharides, which can be surface active
depending on their molecular characteristics. The interfacial activity of many
biopolymers relies on the hydrophilic and lipophilic regions distributed along their
molecular structure. When a biopolymer adsorbs to an interface, it can adopt a
conformation where the non-polar groups are located in the oil phase while the
polar groups are in the aqueous phase. Adsorption also reduces the contact area
between the oil and water molecules at the oil-water interface, reducing interfacial
tension. Even though the conformation that a biopolymer adopts at an interface
depends on its molecular structure and interactions, they form interfacial layers
that use to be thick and dense. In food industry, proteins are widely used to
stabilize O/W emulsions because they show good surface active properties and
form a viscoelastic layer at the interface that improves the encapsulation proper-
ties due to a barrier effect (Bos and van Vliet, 2001). Nevertheless, most protein
stabilized emulsions are rather heat sensitive because of the protein denaturation
on the O–W interface what usually leads to emulsion break-up. Due to the poor
surface active properties of most polysaccharides, their application as emulsifiers
is limited, with some exceptions. For all this, strategies based on the combined
used of proteins and polysaccharides to stabilize emulsions have been developed.

Complex emulsifiers Blends of proteins and polysaccharides form, under spe-
cific conditions, complexes (conjugates) with enhanced functional properties in
comparison to those shown by single proteins or polysaccharides. Protein–
polysaccharide complexes combine the positive properties of each of their com-
ponents:

i) proteins show good adsorption to O–W interfaces

ii) polysaccharides enable to form a thicker stabilizing layer that is capable of pro-
tecting droplets against aggregation (Benichou et al., 2003, Dickinson, 2003,
Jourdain et al., 2009).

Emulsions stabilized with protein–polysaccharide complexes are stable over a wide
range of unfavorable conditions, such as thermal shock treatment, pH, mechanical
agitation, chilling, freezing, drying and the presence of multivalent ions (Benichou
et al., 2004, Aoki et al., 2005, McClements et al., 2007). In emulsions designed
as encapsulation systems, this kind of dense and thick interfaces made of protein–
polysaccharide complexes could improve protection of the encapsulated sensitive
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compounds or enable their controlled release. Furthermore, these interfacial struc-
tures have been suggested to improve chemical stability against oxidation reactions,
e.g., interactions between lipids and metal ions can be minimized by controlling
the interfacial charge, thickness and density (see page 23).

Regarding how emulsions stabilized simultaneously by proteins and polysac-
charides can be produced, two kinds of methods for interfacial layer assembly have
been described:

i) electrostatic layer-by-layer (LbL) deposition (Klinkesorn et al., 2006)

ii) complex deposition

The latter has been used to produce the so-called “mixed emulsions” (Dickinson,
2009). In electrostatic LbL deposition, an oppositely charged polysaccharide is
added to a “primary” emulsion stabilized only by proteins. The electrostatic in-
teractions at the droplet surface between the adsorbed protein and the oppositely
charged polysaccharide produce a “secondary” emulsion. This procedure can be
repeated to form oil droplets coated by multiple layers.

In complex deposition, first a protein–polysaccharide soluble complex is formed
in a water solution that is subsequently used as continuous phase. In this way,
the protein–polysaccharide complex acts as emulsifier, stabilizing the oil-water in-
terface. This type of protein–polysaccharide complexes can be formed either by
covalent cross-linking or electrostatic interactions like in LbL coated emulsions
(Tolstoguzov, 1991). Covalent cross-linking between a protein and a polysaccha-
ride can be achieved in various ways, but probably the method of conjugation most
widely used is based on Maillard reaction (Dickinson, 2009). The Maillard reaction
is a series of non-enzymatic browning reactions, which naturally occur between an
amino acid and a reducing sugar. Maillard-type complexes have been produced
for several protein–polysaccharide pairs (Evans et al., 2013). Conditions, of tem-
perature, relative humidity and reaction time are adjusted in a case-by-case basis
to improve the surface active properties of the complex and thus increase emulsion
stability. Another example of covalent binding, is the use of the carbodiimide,
gluteraldehyde, or laccase, which are used to cross-link proteins to polysaccha-
rides. Covalent cross-links are irreversible and very stable to pH and ionic changes
(Chen et al., 2010, Cooper et al., 2005, Schmitt et al., 1998).

Protein–polysaccharide electrostatic complexes A requirement for the for-
mation of protein–polysaccharide electrostatic complexes is the existence of op-
posing charges on the reacting species. Conventionally this is achieved by the
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utilization of an anionic polysaccharide in combination with a protein bearing a
significant number of cationic groups. However, the conditions to form a particular
protein–polysaccharide electrostatic complex in solution are very specific.

When a protein and a polysaccharide are mixed they may either form a one-
phase or a two-phase system depending on the nature of the biopolymers involved,
the concentration of both biopolymers in solution, the ionic strength and pH of the
solution (McClements et al., 2009). In a one-phase system, the two biopolymers
can exist either as individual molecules or as soluble complexes that are evenly
distributed throughout the entire system. In a two-phase system, the solution sep-
arates into two distinct phases that have different biopolymer compositions. These
different behaviors can be explained from the type and intensity of electrostatic
interactions occurring between protein and polysaccharide.

insoluble

coacervate

soluble

complexes
incompatible

protein polysaccharide

co-soluble

biopolymers

Repulsive

interaction

Attractive

interaction

Transition

(pH, I)

+

(a) (b) (c) (d)

Figure 1.2: Proteins and polysaccharides may form a variety of different phases in
aqueous solutions due to repulsive or attractive electrostatic interactions.
Adaptation from McClements et al. (2007).

If repulsive electrostatic interactions between the two biopolymers prevail, the
biopolymers are co-soluble (one-phase system) at low concentrations (Figure 1.2a)
or separate in two phases at high concentrations (Figure 1.2b). This two-phase
system, with one of the phases being rich in protein and depleted in polysaccharide
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and the other phase vice versa, is formed due to a relatively high positive (unfa-
vorable) free energy of mixing (Tolstoguzov, 1991). This type of phase separation
occurs when one or both biopolymers are uncharged or carry similar electrical
charges (McClements et al., 2009). Figure 1.3 shows a phase diagram of a protein
and polysaccharide mixture controlled by repulsive electrostatic interactions where
the binodal curve, with its typical shape, defines the regions of two-phase systems.
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Figure 1.3: Generalized phase diagram of protein and polysaccharide at repulsive elec-
trostatic interaction.

In the case that the electrostatic interactions between protein and polysaccha-
ride are predominantly attractive, we can obtain a one- or a two-phase system
depending on the interaction intensity. Strong electrostatic interactions, resulting
from the opposite net charges of both biopolymers, cause that protein and polysac-
charide associate and form coacervates which are no longer soluble. According to
this, a two-phase system is made of insoluble coacervates and a surrounding solu-
tion depleted in both biopolymers (Figure 1.2d). By controlling the pH and ionic
strength of the solution, the attractive electrostatic interactions between both
biopolymers can be milder, and produce soluble complexes uniformly distributed
over the solution (Figure 1.2c).

The state diagram of protein/polysaccharide systems in which attractive elec-
trostatic interactions occur between both biopolymers strongly depends on pH,
ionic strength and the protein to polysaccharide mass ratio of the solution. Fig-
ure 1.4 shows a simplified state diagram for a protein in solution with an anionic
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polysaccharide. At salt concentrations between 0 to 50 mM, pH dependency can
be divided into four regions delimited by phase transition lines; pHc, pHϕ1, and
pHϕ2 (de Kruif et al., 2004):

Figure 1.4a) at pH values above the isoelectric point (pH>pI), both protein and
polysaccharides have relatively strong net negative charges. Thus,
repulsive electrostatic interactions prevent complex formation.

Figure 1.4b) by reducing pH below pHc at pH values close to the isoelectric point
(pH≈pI), proteins present sufficient cationic groups (– NH+

3 ) on its
surface to interact with a single polysaccharide molecule and produce
soluble complexes.

Figure 1.4c) below pHϕ1, at pH values still below the isoelectric point (pH< pI),
strong electrostatic interactions occur between proteins and polysac-
charides what leads to the formation of non-soluble complexes or
coacervates that precipitate.

Figure 1.4d) below pHϕ2, at pH values far below the isoelectric point (pH� pI),
due to neutralization of the weak polyelectrolyte, the interaction be-
tween protein and polysaccharides results into one phase where both
biopolymers co-exists.

The conditions required to obtain soluble complexes are applied to produce
electrostatic LbL and complex deposit emulsions. In this way, the electrostatic in-
teractions are sufficient to deposit one or multiple layers on the emulsion interface.
If the environmental conditions are adjusted to increase the electrostatic attraction
between the proteins and polysaccharides located at the interface, they will form
insoluble coacervates unable to stabilize the interface and, as a result, emulsion
will break-up. Differences in stability have been found between the electrostatic
LbL and complex deposit emulsions which have been related to differences in the
structure of the adsorbed layer (Jourdain et al., 2008). In general multi-layer (ei-
ther electrostatic LbL or complex deposit) emulsions have been claimed to have
improved stability properties over emulsions only stabilized by proteins. Due to the
high number of biopolymers and combinations, tailor-made layers can be produced
to have specific stability, encapsulation capacity or release properties.

Mechanisms of emulsion instability

Due to thermodynamic instability, emulsion droplets tend to grow reducing their
interfacial area and thus decreasing their total free energy (Capek, 2004, Mc-

UNIVERSITAT ROVIRA I VIRGILI 
ENCAPSULATION OF PROCYANIDINS IN DOUBLE EMULSIONS STABILIZED BY PROTEIN–POLYSACCHARIDE COMPLEXES 
Rikkert Berendsen 
Dipòsit Legal: T 1926-2014



17

Introduction & Objectives

Figure 1.4: Generalized state diagram of protein–anionic polysaccharide complex for-
mation. Adaptation from de Kruif, Weinbreck, and de Vries (2004).

Clements et al., 2007). Several physical mechanisms, such as creaming, coalescence,
Ostwald ripening or flocculation, are responsible for the break-up of emulsions and
their instability. In practice, two or more of these mechanisms may occur simulta-
neously, reason why it is important to determine the relative significance of each
of them and the factors that influence them in order to develop effective strategies
to control emulsion stability. Droplet size and droplet size distribution, interfacial
tension, type of interface, and disperse and continuous phase properties are the
main factors involved.

Gravitational separation is the result of the difference in density between dis-
perse and continuous phases: creaming occurs when droplets have lower density
that the continuous phase while sedimentation involves a higher density of the
droplets than the surrounding liquid. The rate at which isolated droplets creams
in an ideal liquid is given by Stoke’s law:
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v =
∆ρgd2d
18ηc

(1.4)

where creaming velocity (v) is influenced by gravity (g), the emulsion droplet
size (dd) and droplet size distribution, density difference of continuous and dis-
persed phase (∆ρ) and the viscosity of the continuous phase (ηc). Although in
real food emulsions, creaming velocity depends on some other parameters, such as
disperse phase fraction, droplet size distribution or droplet electrical charge, the
basic strategies to reduce this phenomenon are based on decreasing droplet sizes
and droplet size dispersion, increasing viscosity or choosing similar continuous and
dispersed phase densities. Among them, the most common solution against cream-
ing is to increase the continuous phase viscosity by adding polymeric amphiphile
or polymeric non-adsorbing compounds (Lutz and Aserin, 2007). Even though
creaming usually is an undesired phenomenon because of its negative impact on
taste and mouth feel, it can be easily reversed by shaking the emulsion what redis-
tributes droplets over the emulsion. An additional problem is that creaming can
enhance flocculation or coalescence because it causes droplets to come into close
contact for extended periods.

Coalescence consists of the merging of two adjacent droplets into one larger
droplet, leading to increased creaming. In general, coalescence is determined by
the physical mechanisms responsible for droplet encounters (e.g., simple shear,
turbulence, gravity), the nature of the forces that act on and between the droplets
and the resistance of the thin film separating the droplets to rupture. A number
of mechanisms is involved in the rupture of this thin film. The importance of
these different mechanisms is determined by the characteristics of the continuous
phase separating the droplets (e.g. viscosity, interfacial tension) and the interfacial
membranes surrounding the droplets (e.g. thickness, shear modulus, and colloidal
interactions). As a consequence, the most appropriate methods for controlling
coalescence are based on the type of emulsifier used to stabilize the system and the
environmental conditions. These have to be selected to prevent droplet contact
and the rupture of the interfacial membranes surrounding the droplets (Capek,
2004). Among others, the thickness of the interfacial layer plays an important
role; thicker interfacial membranes are less likely to be ruptured and provide a
greater steric hindrance (see page 20) between droplets.

Another emulsion instability phenomenon is Ostwald ripening, which involves
smaller droplets to shrink and disappear at the expense of the growth of larger
droplets. This process is thermodynamically driven by the chemical potential of
molecules from the dispersed phase. By molecular diffusion of emulsion droplets
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through the continuous phase, a mass transfer between the droplets takes place.
Smaller droplets having higher Laplace pressure, due to their radius of curvature,
leads to increased solubility (Capek, 2004, Dickinson, 2009). In O/W emulsions,
the solubility of the oil phase in water has a great influence on the rate of Ostwald
ripening: emulsions with flavor oil (relatively water-soluble) are less stable than
emulsions with vegetable oil (water insoluble). Other main parameters to control
Ostwald ripening include the emulsifier type and concentration, and the properties
of the interfacial layer. Micelles formed by emulsifiers in the continuous phase can
entrap oil and therefore enhance Ostwald ripening. Furthermore, thickness and
density of the interfacial layer significantly affect Ostwald ripening: thick layers
lower Ostwald ripening, while less dense layers are supposed to be more prone to
it (Lim et al., 2011, Zeeb et al., 2012).

Flocculation occurs when emulsion droplets glue together. Emulsion droplets
aggregate without disruption of the stabilizing layer at the oil-water interface,
whether the process is reversible depends on the strength of attraction (Dickin-
son, 1997). Two kinds of flocculation are distinguished: Depletion flocculation,
which occurs when non-adsorbing biopolymers forces emulsion droplets together
(see page 20 for details) and bridge flocculation which is the result of attractive
interactions of biopolymers between neighboring droplets. Bridge flocculation oc-
curs when a biopolymer, acting as emulsifier, has some of their non-polar residues
associate with hydrophobic patches on one droplet, while others associate with
hydrophobic patches on another droplet. As a result, droplets stick together. This
type of bridge flocculation is observed when a biopolymer is used as an emulsifier
and there is insufficient quantity present to completely cover the oil-water interface
formed during emulsification. Bridge flocculation can also happen when a biopoly-
mer in the continuous phase has an electrical charge that is opposite to that of
the droplets (Dickinson, 1997). To prevent flocculation, non-adsorbed biopolymers
have to be small with a similar charge as the adsorbed biopolymer, and the emul-
sion must be sufficiently covered by emulsifier, additionally steric hindrance (see
page 20) can prevent droplets of coming into close contact.

Interactions between emulsion droplets (Colloidal interactions) Col-
loidal interactions determine if emulsion droplets aggregate or remain separate.
As aforementioned, stability or sensory properties, among others, are determined
by the degree of droplet aggregation and the characteristics of the aggregates.
The overall interaction between the droplets depends on the relative magnitude
and range of the attractive and repulsive forces. These interactions are mainly
controlled by the properties of the interfacial layers coating the emulsion droplets.
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Repulsive interactions Two repulsive interactions have been distinguished
namely, electrostatic repulsion and steric hindrance (Benichou et al., 2004).

Electrostatic repulsion takes place between electrical charged surfaces which
repel when equally charged. Food-grade emulsions stabilized by proteins or combi-
nations of protein and polysaccharides show electrostatic interactions which can be
controlled by changing pH or ionic strength of the aqueous solution (McClements
et al., 2009). In water, dissolved ions can modify the electrostatic interactions of
charged surfaces by screening the interface and forming an electrical double layer.
The magnitude and range of electrostatic repulsion between two droplets decreases
as the ionic strength of the solution separating them increases because of electro-
static screening. Consequently, much smaller concentrations of multivalent ions
are required to promote emulsion instability (Jones, 2002).

Steric hindrance occurs when two emulsion droplets covered by adsorbed
biopolymers come into a close distance where the interface layers overlap and in-
teract with each other. At close droplet separations steric interactions are strongly
repulsive and may therefore prevent emulsion droplets from aggregating. In this
overlapping zone, as biopolymers become more concentrated than in the bulk so-
lution, diffusion of water initiates, separating the emulsion droplets from one and
another (Capek, 2004).

Attractive interactions Oppositely to repulsive interactions which lead to
emulsion stability, attractive interactions lead to instability via droplet aggrega-
tion (flocculation) or coalescence. Three different types of attractive interactions
have been recognized.

Van der Waals interactions are attractive forces between any pair of atoms
or molecules in the dispersed or continuous phase. They act between all kinds of
colloidal particles, and therefore they are always occurring in emulsions. The fact
that van der Waals interactions are relatively strong and long range, suggests that
emulsions droplets would end up associating with each other in the absence of any
other interaction. Many food emulsions are stable to droplet aggregation, which
indicates that repulsive forces are strong enough to overcome the van der Waals
attractions.

Unlike electrostatic repulsion, electrostatic attraction occurs between electri-
cal charged surfaces oppositely charged. The strong influence that pH and ionic
strength of the solution have on this type of interactions has been mentioned above.

Depletion interaction is the result of non-adsorbing colloidal particles present in
the continuous phase, which is the interaction behind depletion flocculation. These
non-adsorbing colloidal particles may be surfactant micelles (when the free surfac-
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tant concentration exceeds some critical value), individual polymer molecules or
aggregated polymers. The presence of these colloidal particles causes an attractive
interaction between the droplets that is often large enough to promote emulsion
instability. The origin of this interaction is the exclusion of colloidal particles
when two droplets approach each other at a distance smaller than the colloidal
particle sizes, a depleted zone of colloids is created. As a consequence there is
an osmotic potential difference (between the depletion zone without colloids and
the bulk solution rich in colloids) that enhances the movement of solvent from the
depletion zone into the bulk liquid. The removal of solvent between the droplets,
initiate an attractive force between them. According to this, the main parameters
affecting the strength of the depletion interaction are size and concentration of
non-adsorbing colloidal particles in the continuous phase (Jones, 2002).

Double emulsion instabilities Double emulsions show, besides the instabil-
ities seen in single emulsions, additional instabilities result of their particular
microstructure. As in single emulsions, double emulsions are susceptible to co-
alescence, Ostwald ripening and flocculation for both W/O and O/W emulsions.
Double emulsions, such as W1/O/W2, require a hydrophobic emulsifier to stabilize
the W1–O interface and a hydrophilic emulsifier to stabilize the O–W2 interface.
The different interactions between the two emulsifiers located at each of both in-
terfaces and the compounds present in W1, O and W2 are of great importance to
maintain the microstructure of the initially produced double emulsion (Muschiolik,
2007).

Regarding the mechanisms controlling the stability of double emulsions, we can
find coalescence of the outer droplets, or coalescence of the inner droplets without
any change in droplet interfaces, being droplet coalescence in these cases analogous
to the coalescence of single emulsions. Only in double emulsions, a mass transport
through the intervening liquid film results in an exchange of material between the
internal phase and the external phase. In the case of a W1/O/W2 emulsion, the
water transport from W1 to W2 or vice versa determines the emulsion stability.
Several mechanisms on the mass transfer between W1 and W2 have been identified
(Garti, 1997): inner-outer phase coalescence, lamellae thinning, reversed micelles
and hydrated surfactants.

The coalescence of the inner W1 droplets to the outer water phase (W2) leads to
transfer of internal dispersed phase to the external continuous phase (Figure 1.5b).
Since the outer droplet size is much larger than the size of the inner droplets, the
attraction of small droplets to the outer interface is larger than the attraction
between the small droplets. This increases the likelihood of small droplets coming
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in contact with the outer interface (Pays et al., 2002). When this contact occurs
without coalescence, molecules may pass from W1 to W2 across the very thin
lamellae, made of oil and interfacial emulsifiers, by a mechanism called lamellae
thinning (Figure 1.5c).

W1/O/W2

(a)

(b) (c) (d)

H2O

H2O

(e)

Figure 1.5: (a) microstructure of a double emulsion and its instabilities: (b) inner-
outer phase coalescense, (c) lamellae thinning, (d) reversed micelle, and
(e) hydrated surfactant.

Another pathway for molecular transport through the oil phase can occur by
means of reversed micelles (Figure 1.5d). When the emulsifier concentration in the
oil phase is higher than the critical micelle concentration, reversed micelles able to
entrap water or addenda can be formed, promoting water release.

Molecular transport can also take place via hydrated surfactants (Figure 1.5e)
in a way that the hydrophilic portion of the surfactant hydrates at one O–W
interface and dehydrates at another O–W interface. This mechanism is osmotic
driven and can work in both ways (from W1 to W2 or vice versa) leading droplets
to shrink or swell. Considering the double (or multiple) compartment structure of
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these emulsions, they can be considered as reservoirs of encapsulated substances to
be released under variable conditions (see page 23). For the application as delivery
systems, all those transport mechanisms can be accounted not only for the release
of water but also (and especially) for the release of the addenda contained in
the inner phase of the double emulsion. Research has been done on lowering the
transport effects, by matching osmotic pressures in both water phases, and by
equilibrating the amount of emulsifiers used, which has to be enough to stabilize
the droplets but not in excess to avoid reversed micelles.

Emulsion as protection and delivery system of bioactive/sensitive com-
pounds

The encapsulation of sensitive compounds (e.g. flavors, aromas, colors, preser-
vatives, antimicrobials, vitamins, minerals, polyphenols, amino acids, bioactive
proteins, enzymes, peptides, polyunsaturated oils and bioactive lipids) has to ful-
fill some of the following requirements to be used as a delivery system in the food
industry (Desai and Park, 2005, Fang and Bhandari, 2010):

• to protect the addenda upon processing and storage.

• to reduce the release of addenda during production and storage.

• to tailor the release for a specific delivery or to mask off-flavors.

Protection upon processing and storage Emulsions, as encapsulation sys-
tems, have to protect the entrapped addenda over the whole production process,
which may involve different kinds of food preservation treatments, such as heat,
cooling, freezing, pH changes etc. In this respect, the impact of the emulsification
process itself on the stability of the addenda to be encapsulated has to be con-
sidered. Finally, the ability of the emulsions to protect the entrapped compound
has to cover the storage period, during which the environmental conditions can
change.

As aforementioned, the production of emulsions involves heat and shear stresses
and mechanical forces which may deteriorate the quality of the emulsion. Oil phase
and emulsifiers are the main components which suffer under these stresses. Low
shear emulsification systems, such as ME (see page 5) can efficiently encapsulate
and protect addenda and may leave physicochemical and molecular properties of
the biopolymers (e.g. proteins) and oil unaffected. Furthermore, these systems
are able to produce mono-disperse emulsions which increase the system stability,
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affect taste perception (more homogeneous product), and lower bacterial growth
(Charcosset, 2009). Even if emulsions are physically stable during storage, chemi-
cal stability is important to maintain the properties of the emulsion components.
The encapsulation, protection and delivery of sensitive compounds are necessary
to improve the quality of foods and the production of functional foods.

A major chemical degradation observed in O/W emulsions is lipid oxidation,
which causes noticeable changes in their taste, texture, shelf life, appearance and
nutritional value. When emulsions are used to encapsulate bioactive lipophilic
molecules, such as ω-3 fatty acids, carotenoids, tocopherols, oryzanols, phytos-
terols etc., they can be irreversibly oxidized, reducing their specific health benefits
(McClements and Decker, 2000). Lipid oxidation occurs when light, oxygen and/or
free radicals are present in the oil phase. Reactive oxygen species (ROS), a type
of free radical that contains an oxygen molecule, are a natural by-product of oxy-
gen metabolism which can, in combination with oxygen, react with unsaturated
lipids, converting them into lipid peroxides (Figure 1.6). Levels of ROS drastically
increase upon environmental stresses such as UV or heat. Other mechanisms that
accelerate lipid oxidation involve: the auto-oxidation of transition metal cations
(iron, copper, etc.) which results in OH radicals and the decomposition of lipid
hydroperoxides into new radicals induced by transition metals cations (Gutteridge,
1986).

A straightforward strategy to lower lipid oxidation, is to keep the product away
from heat, light and oxygen. Additionally, reducing the content of transition metal
cations in food products would also decrease lipid oxidation, although it can be
either unfeasible or costly. Alternatives to withhold the transition metal cations
from the O–W interface encompasses electrical repulsion (by means of positively
charged surface droplets) or steric hindrance resulting from thicker and denser
interfacial layers at the O–W interface.

To maintain the stability of W1/O/W2 emulsions during the emulsification
process and further storage, other considerations have to be made. Particularly
in the second step of the emulsification process (production of W1/O/W2 from
W1/O emulsion), inner water phase easily escapes upon disruption of the outer
oil droplets. To effectively keep the W1 and its addenda within the oil droplets,
less energy should be introduced in the second than in the first step of the process
(production of W1/O emulsion). Other factors, such as the W1 droplet size and
the oil fraction should be adjusted to reduce W1 loss during emulsification.

Regarding the chemical stability of W1/O/W2 emulsions, they present some
advantages as encapsulation system of hydrophilic compounds in the W1 phase.
The oil droplet acts as a barrier, protecting them from the chemical degradation
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Figure 1.6: Mechanism of lipid peroxidation by a free radical, OH in this example.

that the environmental or compositional conditions in the external W2 could cause.
For both single and double emulsions, interfacial structures made of biopolymers,
such as proteins in combination with polysaccharides, result in an enhanced phys-
ical stability against environmental stresses (pH, salt, temperature, dehydration,
and mechanical agitation). Additionally, they can improve the chemical stability
against lipid oxidation induced by transition metal ions through control of charge,
thickness and/or density of the interfacial layer (McClements et al., 2009).

Controlled Release When designing emulsions, either single or double, as en-
capsulation systems of bioactive compounds, a major concern is to increase their
bioavailability. To do so each bioactive compound should be delivered in a specific
site of the gastrointestinal tract. In addition, emulsions have to be stable and
efficiently able to retain the entrapped addenda, from the production process until
they are ingested after storage. Depending on the desired delivery site, emulsions
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should be able to endure or release their content upon mastication, presence of
enzymes, salts and acids in mouth, stomach, small intestine and colon. In the
case that encapsulation is required to mask off-tastes, (astringent, bitter or fishy
flavors) the addenda has to be retained within the emulsion while passing the
mouth.

For triggering the release of bioactive compounds, emulsion instability used to
be induced by a response to a change in a particular environmental parameter
(Cooper et al., 2005). Multi-layered emulsions can become unstable when losing
their electrical charge induced by dilution, pH change or change of ionic strengh
(McClements et al., 2009). Properties of electrostatic behavior of two biopolymers
on O–W interfaces is closely related to the behavior in aqueous solutions (Jourdain
et al., 2008). Study of the state diagram (Figure 1.4) is helpful to understand the
stability of emulsions prepared through electrostatic LbL or complex deposition,
which enables to predict release of addenda.

1.1.2 Microcapsules

Emulsions (single or multiple) enable to encapsulate a bioactive/sensitive com-
pound in a liquid system, however, there is also a demand for encapsulation in
solid state. Microcapsules, dry particles with sizes between 1 – 1000 µm, protect
a bioactive/sensitive compound by packing it in another material. The to-be pro-
tected compound can be pure or a mixture, that in turn can be a solid, or liquid
material, and is usually refered to as the core material. Numerous techniques for
encapsulation have been developed to meet the specific properties of:

• the core material,
such as the type of compound, applications, mechanisms of release

• the final microcapsules,
that is, particle size, final physical form, and overal cost (Desai and Park,
2005)

These techniques, widely described in several review articles by (Augustin
and Hemar, 2009, Fang and Bhandari, 2010, Gibbs et al., 1999, Gouin, 2004,
Madene et al., 2006), encompass: coacervation, cocrystalization, molecular inclu-
sion, nanoparticles, encapsulation with supercritical fluids, spray drying, spray
chilling or spray cooling, fluidized bed coating, freeze drying, yeast encapsulation,
extrusion, spinning disk and centrifugal coextrusion. Encapsulation technologies
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to produce solid microcapsules are used in multiple industries such as pharmaceu-
tical, chemical, cosmetic, foods and printing (Madene et al., 2006). The encap-
sulation of foods or food ingredients (e.g. flavors, aromas, colors, preservatives,
antimicrobials, vitamins, minerals, polyphenols, amino acids, bioactive proteins,
enzymes, peptides, polyunsaturated oils and bioactive lipids) can be required for
several reasons (Desai and Park, 2005, Fang and Bhandari, 2010):

i) to protect the core material upon processing and storage.

ii) to diminish the release of core material during production and storage.

iii) to tailor the release for a specific delivery or to mask off-flavors.

iv) to improve handling by modification of the physical characteristics

v) to enhance the protection of sensitive compounds by diminishing the sur-
rounding environmental effects

vi) to apply core material in dry products.

vii) to achieve uniform dispersion of core material in host material

Spray drying

Spray drying is the most commonly used encapsulation method since it is flexible,
continuous in operation, produces particles of good quality, and is less expensive
than the other techniques. For over 50 years the technique has been widely used
in the food industry to encapsulate flavors, volatiles and to convert liquids into
powders (Desai and Park, 2005, Fang and Bhandari, 2010).

To spray dry, a liquid containing the active ingredient is added to the coating
agent (wall material) and fed to the spray dryer (Figure 1.7). Feed flow is controlled
by a peristaltic pump and compressed gas is used to atomize the feed with a nozzle
into the drying chamber. A temperature controlled hot air enters in a co-current
or counter-current flow which, in contact to the atomized material, evaporates the
liquid fraction. The dry microcapsules are then transported into the cyclone to
separate them from humid air and to obtain the dry powder microcapsules in the
recovery chamber.

Final characteristics of the microcapsule are influenced by the chemical and
physical properties of core and wall material. Furthermore, processing properties
of the spray dryer, such as feed flow, air inlet temperature, compressed gas flow

UNIVERSITAT ROVIRA I VIRGILI 
ENCAPSULATION OF PROCYANIDINS IN DOUBLE EMULSIONS STABILIZED BY PROTEIN–POLYSACCHARIDE COMPLEXES 
Rikkert Berendsen 
Dipòsit Legal: T 1926-2014



28

Chapter 1

Feed
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Figure 1.7: Spray dryer setup. Double emulsion mixed with wall material is fed by
peristaltic pump and sprayed with compressed gass. Dry hot air takes
the droplets in a co-current flow to the cyclone where wet air and mi-
crocapsules are separated and leaves the microcapsules in the recovery
chamber.

UNIVERSITAT ROVIRA I VIRGILI 
ENCAPSULATION OF PROCYANIDINS IN DOUBLE EMULSIONS STABILIZED BY PROTEIN–POLYSACCHARIDE COMPLEXES 
Rikkert Berendsen 
Dipòsit Legal: T 1926-2014



29

Introduction & Objectives

and air outlet flow have a large influence on the characteristics of the microcapsules
(Madene et al., 2006).

The type of core material determines partly the morphology of the produced
microcapsule (Figure 1.8). A hydrophilic core material directly mixed to the wall
material, forms a microcapsule where the core material is dispersed over the wall
material matrix (Figure 1.8a). Otherwise, a hydrophobic core material is usu-
ally dispersed in an oil phase, and an emulsion is produced prior to spray drying.
This emulsion can be stabilized by emulsifiers to improve droplet stability dur-
ing spray drying. Emulsion viscosity, droplet size and dispersion have significant
effects on the microencapsulation process. Depending on the dimensions of the
initial emulsion and the spray dryer nozzle, the morphology will either be a simple
(Figure 1.8b) or a multi-core microcapsule (Figure 1.8c).

(a) (b) (c) (d) (e)

Figure 1.8: Morphology of different type of spray dried microcapsules: (a) matrix,
(b) simple, (c) multi-core, (d) multi-wall, and (e) double.

Typical materials used as microcapsule wall include maltodextrins, gum Ara-
bic, and hydrophobically modified starch. Other wall materials, such as proteins
(whey proteins, soy proteins, and sodium caseinate) and polysaccharides (alginate,
carboxymethyl cellulose, and guar gum), have higher encapsulation efficiencies,
however their low solubility in water makes them non suitable. A strategy to im-
prove the encapsulation efficiency is to use mixtures of different wall materials. A
recent approach involves to spray dry multi-layer emulsions (Figure 1.8d) (Serfert
et al., 2013, Gharsallaoui et al., 2010, Klinkesorn et al., 2006), which has some
advantages, such as a higher physical and/or oxidative stability than simple mi-
crocapsules. Overall, several factors have to be considered when selecting a wall
material: molecular weight, solubility in water, viscosity at high concentration,
glass/melting transition, crystallinity, diffusibility, film forming and emulsifying
properties (Gharsallaoui et al., 2007, Madene et al., 2006).
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Table 1.1: Spray dried double emulsion studies for food aplications. marker
(m), emulsifier (e), wall material (w), first (W1/O) emulsification (1), second
(W1/O/W2) emulsification (2), and (?) best combination according to authors.

W1/O/W2 phase
fractions [%]

W1 phase characteristics oil phase characteristics

6 / 16 / 78 0.04% 1,3,6,8-
pyrenetetrasulfonic acid
tetrasodium salt (m)

10% hexaglycerin polyricinoleate (e)
in olive oil

10 / 15 / 75 55% glycerin,
0.25% 3-methylbutyraldehyde
(m),

5% span 80 (e) in rape seed oil

2.5 / 7.5 / 90 0.25% orange oil with Sudan
III red dye (m) dispersed in
3.375% SC (e), 6.3% lactose
(e), methylene blue dye (m)
aqueous solution

50% PGPR (e) in rape seed oil

2 / 11 / 87, or
2 / 8 / 91, or
4 / 19 / 77, or
3 / 14 / 83

1 or 1.5% Chi, 2.5 or
10% promethazine (m),
0.5% acetic acid

1 or 4% ethylcellulose (e) in ethyl
acetate

8 / 32 / 60 0.6% gelatin, 1.68% salt,
0.16% mango seed kernel
extract (m)

2.33% PGPR (e) in soybean oil

3 / 14 / 83 0.5% gellan gum,
7.9% hydrophilic emulsifier,
0.8% saponified oleoresin from
Aztec marigold petals (m)

7.9% hydrophobic emulsifier (e),
1.1% oleoresin from red chilies in a
blend of sunflower-canola-cartamum
oils
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Table 1.1: Spray dried double emulsion studies for food aplications. marker
(m), emulsifier (e), wall material (w), first (W1/O) emulsification (1), second
(W1/O/W2) emulsification (2), and (?) best combination according to authors.

W2 phase
characteristics

1st emulsification (1),
2nd emulsification (2)

spray dry conditions Reference

0.2% soybean lecithin
(e), 7.14% MD or GA
(w)

rotor-stator at 17,000
rpm for 2 min (1),
rotor-stator at 10,000
rpm for 1 min,
high-pressure at 34
MPa (2)

Tinput=200◦C,
Toutput=100◦C,
feed flux=50
mL min−1

Adachi et al.
(2004)

32% WPC, or 14% SC,
or
44% skim milk powder,
or 49% soy protein, or
39% modified starch, or
44% MD, or 28% GA
(e/w)

centrifugal ball mill at
500 rpm for 10 min
(1), centrifugal ball
mill at 500 rpm for 10
min (2)

Tinput=190◦C,
Toutput=85◦C,
feed flux=11 mL min−1

Brückner
et al. (2007)

5.6% SC (e/w),
7.8% lactose
monohydrate (e/w)

overhead stirrer for 15
min (1), magnetic
stirrer for 15 min (2)

Tinput=180◦C,
Toutput=79 – 80◦C,
feed flux=10 mL min−1

Edris and
Bergnst̊ahl
(2001)

0.5 or 1% Chi
microspheres (w)

sonification (1),
magnetic stirrer at 900
rpm (2)

Tinput=135◦C,
Toutput=85◦C,
feed flux=4.2 mL min−1

Hafner et al.
(2007)

5.95% GA (e),
0.11% alginate (e),
26.9% MD (w)

2× high-pressure at
20.7 MPa (1),
rotor-stator at 10,000
rpm for 2 min (2)

Tinput=180◦C,
Toutput=90◦C,
feed flux=30 –
35 mL min−1

Maisuthisakul
and Gordon
(2012)?

17% GA (e/w),
66% mesquite gum
(e/w), 17% MD (e)

rotor-stator at 5800
rpm for 5 min (1),
rotor-stator at 5200
rpm for 10 min (2)

Tinput=165-175◦C,
Toutput=77 – 83◦C,
feed flux=20 mL min−1

Rodŕıguez-
Huezo et al.
(2004)
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Table 1.2: Spray dried double emulsion studies for pharmaceutical applications.
marker/medicine (m), emulsifier (e), wall material (w), first (W1/O) emulsification
(1), second (W1/O/W2) emulsification (2), and (?) best combination according to
authors.

W1/O/W2 phase
fractions [%]

W1 phase characteristics oil phase characteristics

isoniazid (m), phosphate
buffered saline

rifampicin (m), PLGA 50:50 in ethyl
acetate

3 / 14 / 83 2% gelatin, 2% cimetidine (m) 0.8% ethylcellulose (e) in
dichloromethane

3 / 5 / 92 1% human IgG, 1% sorbitol
(m)

0.625% 1,2-dipalmitoyl-sn-glycerol-3-
phosphocholine (e), 5% PLGA in
dichloromethane

0.1% DNA (m), tris-edetate
buffer

1% PLGA in dichloromethane

0.7 / 2.3 / 97 0 or 8% salbutamol sulphate
(m)

0 or 2.67% beclometasone
dipropionate (m), 0.67% span 80 (e),
0.67% PLGA 50:50 (s) in chloroform

15 / 35 / 50 10−4M
1,3,6,8-pyrenetetrasulfonic
acid tetrasodium salt (m),
0.35% insulin, Hanks’
balanced salt solution

1-10% hexaglycerin polyricinoleate
(e), 0.1% 1-monolinoleoyl-rac-glycerol
or 0.2% 1,3-dilinoleoyl- rac-glycerol or
0.1% linoleic acid in Octanoic acid
triacylglycerol or soybean oil
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Table 1.2: Spray dried double emulsion studies for pharmaceutical applications.
marker/medicine (m), emulsifier (e), wall material (w), first (W1/O) emulsification
(1), second (W1/O/W2) emulsification (2), and (?) best combination according to
authors.

W2 phase
characteristics

1st emulsification (1),
2nd emulsification (2)

spray dry conditions Reference

0.375% PVA (e), 1.25%
lactose (e), 0.075% Chi,
0.125% PEG (w)

rotor-stator at 3000 –
5000 rpm (1),
rotor-stator 8000 rpm
(2)

Tinput=95 – 110◦C Booysen et al.
(2013)

0.3% Chi (w),
glutaraldehyde

rotor-stator at 12,600
rpm for 1 min,
sonification (1),
dropwise, rotor-stator
at 11,000 rpm for 1
min (2)

Tinput=150◦C,
feed flux=6 mL min−1

He et al.
(1999)

0.43% lactose (e), 0 or
1% leucine, 0 or 1%
magnesium stearate

rotor-stator at 24,000
rpm for 2 min (1),
rotor-stator at 10,000
rpm for 10 min (2)

Tinput=90 – 100◦C,
Toutput=55◦C,
feed flux=2 mL min−1

Kaye et al.
(2009)

1% PVA (e) dispersed (1),
rotor-stator (2)

Tinput=78 – 79◦C,
feed flux=10%

Lane et al.
(2005)

0 or 0.064% salbutamol
sulphate (m), 0.8%
Chi, 0.6% acetic acid,
0.416 – 0.544% leucine,
Synperonic PE/L101
(e) , 80% ethanol

vortex-mixing (1),
homogenized (2)

Tinput=180◦C,
Toutput=87 – 96◦C,
feed flux=3.2 mL min−1

Learoyd et al.
(2010)

2, 5 or
10% decaglycerol
monolaurate (e),
Hanks’ balanced salt
solution,
fructooligosaccharides
(w)

rotor-stator at 22,000
rpm for 2 min (1),
rotor-stator at 10,000
rpm for 1 min,
membrane filter 0.8
µm, or membrane
filter 0.44 µm, 0.2 µm
(2)

Tinput=200◦C,
Toutput=100◦C,
feed flux=50 mL min−1

Shima et al.
(2006)

(continued on next page)
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Table 1.2 (continued): Spray dried double emulsion studies for pharmaceutical
applications. marker/medicine (m), emulsifier (e), wall material (w), first (W1/O)
emulsification (1), second (W1/O/W2) emulsification (2), and (?) best combination
according to authors.

W1/O/W2 phase
fractions [%]

W1 phase characteristics oil phase characteristics

diclofenac sodium (m) Eudragit RS PO (s), polyethylene
glycol stearate, sorbitan mono-oleate
(e), 0 – 75% acetone or methyl ethyl
ketone or n-propanol or n-butyl
acetate in dichloromethane

3 / 15 / 82, or
3 / 17 / 81, or
3 / 21 / 76

5% diphtheria toxoid (m),
5.6% PVA

5% polycaprolactone (s), 10, 20 or
40% tocopheryl polyethylene glycol
succinate (e) in dichloromethane

1 / 9 / 90 0.3% sodium fluorescein (m) 3% PGA-co-PDL (s/e) in
dichloromethane

1 / 9 / 90 DNase I or 0.3% Native
enzyme (α-chymotrypsin)
(m), 1% Pluronic F68

3% PEG-co-(PGA-co-PDL) (s/e) in
chloroform

2% PVA, lamivudine (m) 1.25% polycaprolactone (s/e) in ethyl
acetate
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Table 1.2 (continued): Spray dried double emulsion studies for pharmaceutical
applications. marker/medicine (m), emulsifier (e), wall material (w), first (W1/O)
emulsification (1), second (W1/O/W2) emulsification (2), and (?) best combination
according to authors.

W2 phase
characteristics

1st emulsification (1),
2nd emulsification (2)

spray dry conditions Reference

PVA (w),
polyoxyethylene 20
sorbitan mono-oleate
(e)

Tinput=140◦C,
Toutput=95 – 108◦C,
feed flux=2.1 mL min−1

Sipos et al.
(2008)

2.5% PVA (e) rotor-stator at 24,000
rpm for 2 min (1),
rotor-stator 10,000
rpm 5 min (2)

Tinput=38-42◦C,
Toutput=24 – 28◦C,
feed flux=5 mL min−1

Somavarapu
et al. (2005)

0.5, 1 or 1.5% L-leucine
or L-arginine, 1% PVA
(e)

rotor-stator at 8000
rpm for 3 min (1),
rotor-stator at 2000
rpm (2)

Tinput=100◦C,
Toutput=47◦C,
feed flux=5 –
7 mL min−1

Tawfeek et al.
(2011)

1% PVA (e), 1.5%
L-leucine

rotor-stator at 8000
rpm for 1 min (1),
rotor-stator at 2000
rpm (2)

Tinput=100◦C,
Toutput=47◦C,
feed flux=5 –
7 mL min−1

Tawfeek et al.
(2013)?

2% PVA (e/w), 0.5%
PEG, 5% lactose (e),
0.3% Chi

rotor-stator at 5000
rpm (1), rotor-stator
at 8000 rpm for 5 min
(2)

Tinput=96◦C,
Toutput=65 – 70◦C

Tshweu et al.
(2013)?
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Spray dried double emulsion A recent development is to produce double
emulsions in powder form (Figure 1.8e). Spray drying of W/O/W emulsions has
been suggested as an approach to encapsulate hydrophilic bioactive compounds
due to several benefits (Adachi et al., 2004, Augustin and Hemar, 2009, Fang and
Bhandari, 2010, Learoyd et al., 2010, Maisuthisakul and Gordon, 2012):

i) to increase storage stability as W1/O droplets are immobilized in a solid con-
tinuous matrix and therefore, droplet coalescence and release of the entrapped
compounds are limited

ii) to gain the convenience of powdered ingredients

iii) to encapsulate both hydrophilic as hydrophobic ingredients in one capsule

A possible disadvantage of this system is the low concentration of core material
retained in the microcapsule, however the unique protection might compensate for
this (Gouin, 2004). Tables 1.1 and 1.2 summarize some of the few examples of mi-
crocapsules obtained by spray drying of double emulsions found in literature, which
are mainly food and pharmaceutical applications. In the case of pharmaceutical
applications, the main compounds/solvents used as oil phase are dichloromethane,
chloroform, and ethyl acetate. Their low boiling points, 39.6, 61.2, and 77.1◦C,
for dichloromethane, chloroform, and ethyl acetate, respectively, make them easy
to evaporate.

Poly lactide-co-glycolide (PLGA) has been recently used as oil phase because it
easily evaporated during spray drying while the remaining oil phase solidifies. At
those conditions, the final solid microcapsules present a rigid/semisolid oil phase
which retains more efficiently the inner water phase.

For food applications (Table 1.1), the main drawback is the limited number
of food-grade ingredients available for formulating these complex microcapsules
obtained by spray drying double emulsions. The effects of the formulation on the
properties of the final microcapsule (e.g. composition, retention of inner water
phase, and size) are still in an initial stage of research.
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1.2 Aim of the thesis

The main objectives of this work were to encapsulate sensitive bioactive compounds
in emulsion-based systems using emulsification with microstructured systems,
in particular premix membrane emulsification, and to determine how protein–
polysaccharide complexes, used as hydrophilic emulsifiers, affect the retention and
stability of the entrapped compounds. Crude sunflower oil and procyanidin-rich
extracts from grape seed were encapsulated in some of the following systems: sin-
gle (O/W) and double (W1/O/W2) emulsions and spray dried double emulsions
(solid microcapsules). The main goals could be achieved by fulfilling secondary
objectives:

• To produce O/W emulsions stabilized with complex interfacial structures
made of whey protein isolate and carboxymethyl cellulose using premix ME.

• To determine the effect of the microstructure (density and thickness) and
electrical charge of the interfacial structures made of WPI and CMC on the
droplet and oxidation stability of O/W emulsions.

• To assess premix ME to produce W1/O/W2 emulsions entrapping a
procyanidin-rich extract in the inner water phase, using whey protein isolate–
polysaccharide complexes as hydrophilic emulsifiers

• To analyze the influence of three whey protein isolate–polysaccharide com-
plexes, WPI–carboxymethyl cellulose, WPI–gum Arabic and WPI–chitosan,
used as hydrophilic emulsifiers of W1/O/W2 emulsions, on the emulsion sta-
bility and procyanidin release during storage.

• To encapsulate a procyanidin rich extract in spray dried emulsions obtained
by premix ME and stabilized by whey protein isolate and several whey pro-
tein isolate–polysaccharide complexes, such as WPI–carboxymethyl cellulose,
WPI–gum Arabic and WPI–chitosan.

• To determine how the properties of the W1/O/W2 emulsions, in particular
the interfacial properties of the O–W2 interface, affect the characteristics of
the final microcapsules, in terms of particle size distribution and encapsula-
tion of procyanidins.
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This chapter has been published as:

Rikkert Berendsen, Carme Güell, Olivier Henry, Montserrat Ferrando. Premix
membrane emulsification to produce oil-in-water emulsions stabilized with various
interfacial structures of whey protein and carboxymethyl cellulose, Food Hydrocol-
loids, Volume 38, July 2014, Pages 1–10.
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Abstract

Premix Membrane Emulsification (ME) with Shi-
rasu Porous Glass membranes of 10 µm pore size
enabled to produce oil-in-water (O/W) emulsions
with different interfacial structures made of whey
protein isolate (WPI) and carboxymethyl cellulose
(CMC). Emulsions were stabilized by one interfa-
cial layer, made of WPI or 0.5%wt WPI – 0.25%wt
CMC complex, or by two interfacial layers: one layer
made of WPI and the second made of CMC (WPI +
CMC) or WPI–CMC complex (WPI + WPI–CMC).
Although the adsorption between the several lay-
ers was confirmed by Surface Plasmon Resonance
(SPR), only O/W emulsions stabilized by one inter-
facial layer did not coalescence after homogeniza-
tion. WPI and WPI–CMC emulsions were stable
after emulsification with a 8.7 µm and 14.4 µm
mean droplet size respectively, although a signifi-
cant amount of much smaller droplets contributed
to increase droplet dispersion giving span values of
1.8 and 3.2 for WPI and WPI–CMC emulsions re-
spectively.
Regarding oxidation rate, TBARS in WPI–CMC
emulsions increased much faster than in WPI emul-
sions. Adsorption data at a hydrophobic interface
and the electrical charge of the WPI–CMC com-
plex suggested that it formed a thick (2.2 nm)
but less dense (1.40 g cm−3) interface than WPI
(2.59 g cm−3) with a negative charge able to at-
tract any transition metal ion and promote lipid ox-
idation. Premix ME should be further optimized
to obtain multi-layered interfaces with an external
positive layer, e.g. made of WPI.
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2.1 Introduction

The use of emulsions is common in food industry, many products we daily consume
are in fact oil-in-water (O/W) emulsions. Some typical examples are milk, cream,
salad dressings, mayonnaise, soups and sauces.

In food emulsions, stability, quality and the ability to deliver functional com-
pounds are of great importance (Guzey and McClements, 2006). Emulsions are
kinetically unstable and tend to spontaneously coalesce minimizing the interfacial
area (Capek, 2004). Average droplet size and droplet size dispersion are two prop-
erties which determine the physical stability of the emulsion. To prevent emulsion
breakage, surfactants are added to provide a layer which lowers the interfacial
tension between the oil and water phases (Kralova and Sjöblom, 2009).

Food emulsions are traditionally produced by colloid mills, rotor-stator systems
and high pressure homogenizers, these produce emulsions with small droplet size
but with a relatively high droplet size dispersion. Furthermore, they require a high
energy input and high shear forces to produce emulsions. Membrane emulsification
(ME) is a low energy technique that requires fewer surfactants, produces emulsions
with low polydispersity and reduces damage to emulsifiers sensitive to shear stress,
in contrary to the traditional methods (Joscelyne and Träg̊ardh, 1999, Nazir et al.,
2010, Silva et al., 2012, Vladisavljević et al., 2006a).

There are different methods to operate membrane emulsification (ME): direct
(or cross-flow) ME and premix ME. In direct ME, the dispersed phase is forced,
using low pressure, to permeate through a membrane into the continuous phase.
In premix ME, emulsions are produced in a two-step process:

i) production of a coarse emulsion

ii) the entire coarse emulsion passes through the pore structure of the membrane.

Premix ME has some advantages over direct ME: the optimal transmembrane
fluxes, with regard to droplet size uniformity, are one or two orders of magnitude
higher than those of direct ME. The experimental set-up is generally simpler and
easier to control and operate than in direct ME (Nazir et al., 2010, Vladisavljević
et al., 2006a).

In food industry, whey proteins have been widely used to stabilize O/W emul-
sions because they show good surface active properties and form a viscoelastic
layer at the interface (Bos and van Vliet, 2001) that improves the encapsulation
properties due to a barrier effect. Nevertheless, whey protein-stabilized emulsions
are rather heat sensitive when whey protein denaturates on the O–W interface;
the protein unfolds and can form irreversible aggregates between emulsion droplets
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(Dickinson and Parkinson, 2004). A strategy to improve interfacial properties has
been the use of protein–polysaccharide complexes which combines the positive
properties of each of them:

• proteins show good adsorption to O–W interfaces

• polysaccharides enable to form a thicker stabilizing layer that is capable
of protecting droplets against aggregation over a wide range of unfavorable
conditions, such as thermal shock treatment and the addition of calcium salts
(Chanamai and McClements, 2002).

In addition, emulsions stabilized by complex interfaces made of protein and
polysaccharides have been suggested to improve chemical stability against oxi-
dation reactions, e.g., interactions between lipids and metal ions can be minimized
by controlling the interfacial charge, thickness and density (Dickinson, 2008, 2011a,
Grigoriev and Miller, 2009, Katsuda et al., 2008, McClements and Decker, 2000,
Rodŕıguez Patino and Pilosof, 2011).

The formation of protein–polysaccharide electrostatic complexes and coacer-
vates mainly depends on pH, ionic strength and protein to polysaccharide ratio
(Schmitt and Turgeon, 2011, Semenova, 2007). In the food industry, applications
of these complexes are: to form and stabilize emulsions possibly in combination
with the design of multi-layered structures, micro- and nano-encapsulation pro-
cesses, to form gels and to recover proteins from industrial by-products (Turgeon
et al., 2007).

In this study we used whey protein isolate (WPI) which is a by-product in
cheese-making and has excellent emulsifying properties (Dybowska, 2011), and
carboxymethyl cellulose (CMC) which is widely used in food for its physical prop-
erties and its low cost. In addition, CMC can form electrostatic complexes with
WPI over a range of pH and ionic strength (Hansen et al., 1971).

The aim of this Chapter was to produce O/W emulsions with complex interfa-
cial structures made of WPI and CMC using premix ME, and determine droplet
and oxidation stability of those emulsions. To do so, we determined the state dia-
gram of the WPI/CMC system and set the conditions (WPI to CMC ratio, pH and
ionic strength) required to form WPI–CMC complexes. The adsorption properties
of the different interfacial structures made of WPI and CMC were measured by
Surface Plasmon Resonance. Moreover premix ME was applied to produce O/W
emulsions stabilized by the different interfacial structures. To the author’s knowl-
edge no application of premix membrane emulsification to obtain single emulsions
stabilized by protein–polysaccharide complexes has been previously reported in
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literature. To determine to what extent the several interfacial structures affected
the physical and oxidative stability of O/W emulsions, we monitored during 2
weeks droplet size distribution and the oxidative degradation of the oil phase.

2.2 Materials and Methods

2.2.1 Materials

Whey protein isolate (BiPRO) lot no. JE 034–7–440–6 (Davisco Foods Interna-
tional. Inc., Le Sueur, MN), with a reported protein content of 98.1% on dry
basis, was dissolved in distilled water to obtain a 2.0%wt solution, stirred for 2 h
at room temperature, and kept overnight at 7◦C. Carboxymethyl cellulose, sodium
salt (Acros Organics), with a Mw of 250,000 and a degree of substitution of 0.7,
was dissolved in distilled water to obtain a 2.0%wt solution and stirred for 2 h at
room temperature. Acetic acid 96% (Panreac) together with sodium azide (Sigma-
Aldrich), were dissolved in distilled water to obtain 0.02 M acetic acid and 0.04%wt
sodium azide (NaN3). WPI and CMC solutions were mixed with the acetic acid
solution to obtain 1.0%wt WPI, 0.25%wt CMC and 0.5%wt WPI – 0.25%wt CMC
in 0.01 M acetic acid and 0.02%wt NaN3. The solution pH was adjusted to 3.8
with 1 M HCl (Panreac) or 1 M NaOH (Sigma-Aldrich). All distilled water used
in this research had an electrical conductivity of 2 µS cm−1. Crude sunflower oil
was kindly provided by Cargill S.L.U. Reus, Spain.

2.2.2 Methods

WPI/CMC state diagram

Aqueous solutions containing 0.5%wt of WPI and different concentrations of CMC
were prepared to obtain a final ratio of 1:0, 1:1, 2:1, 3:1 and 4:1, respectively. All
mixtures contained 0.01 M acetic acid, 0.02%wt NaN3 and the pH was adjusted
from 6 to 3 with 1 M HCl or 1 M NaOH solutions. Turbidity and pH of each
mixture was measured right after preparation to identify a clear solution, a cloudy
solution or the formation of a precipitate. Turbidity was quantitatively measured
from the Transmission (T) profiles obtained with a Turbiscan Lab

TM

Expert (For-
mulaction, France).
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ζ-potential measurement

Laser Doppler micro-electrophoresis was used to measure ζ-potential of WPI, CMC
and a WPI–CMC complex by means of a Zetasizer Nano ZS (Malvern Instru-
ments). Particles were detected at a measurement position of 2 mm using a 633 nm
laser at 25◦C. Solutions of 1%wt WPI, 0.25%wt CMC and 0.5%wt WPI – 0.25%wt
CMC in 0.01 M acetic acid, 0.02%wt NaN3 at a pH of 3.8 were prepared and
centrifuged at 1000 G for 30 min to remove impurities. After that, the ζ-potential
distribution of each of them was measured. The reported ζ-potential values are
an average of six measurements and calculated by the Smoluchowski equation. All
measured ζ-potential distributions gave a monomodal distribution.

Surface plasmon resonance measurements

Surface plasmon resonance is an optical measurement technique highly sensitive
to localized refractive index changes occurring at the surface of a metal-dielectric
interface. A typical set-up includes shining a monochromatic light beam through
a high refractive index glass prism coated with a 50 nm thick gold layer. Under
total internal reflectance conditions, the evanescent wave created at a specific
incident angle will result in a plasmonic wave seen as a sharp decrease in intensity
of the reflected beam. The position of the incident angle is strongly dependent
on the refractive index changes occurring at the metal surface making surface
plasmon resonance an ideal tool for studying the adsorption of biomolecules and
biopolymers at surfaces (Gopinath, 2010, Fang et al., 2009, Jung et al., 1998).

Surface plasmon resonance (SPR)
A Biacore 3000 (GE Healthcare, Uppsala, Sweden) was used to study the surface
adsorption of the various biopolymers to a gold sensor chip. The microfluidic cell
divided the bare gold sensor chip in four flow cells (each of them with a surface area
of 1.2 mm2) used in series at a flow rate of 40 µL min−1. Baseline was acquired
by flowing 0.01 M acetic acid (pH 3.8) with 0.02%wt NaN3 (running buffer) over
the chip till the system was stabilized, with temperature control at 20◦C.

Each biopolymer layer was obtained by the successive injection of a biopolymer
solution over the chip for 8 min followed by the injection of the running buffer
solution over the chip for 8 min to remove the non-adsorbed biopolymer. This
sequence was repeated to obtain multi-layer arrangements. The aqueous solutions
of biopolymers were: 0.1%wt WPI, 0.05%wt CMC and 0.1%wt WPI – 0.05%wt
CMC all in 0.01 M acetic acid at pH 3.8 containing 0.02%wt NaN3. Finally the
gold surface was cleaned using 0.5%wt/vol sodium dodecyl sulphate and glycine-
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HCl pH 1.7 until initial baseline was re-established.

The output signal of the Biacore 3000 was measured in Response Units (RU),
where 1 RU corresponds to a sensor surface coverage of 0.1 ng cm−2 (Fivash et al.,
1998). All experiments were run in duplicate and the error in the surface coverage
of each layer was below 15%.

Surface plasmon resonance imaging (SPRi)
To measure thickness and density of the interfacial biopolymer structure, a differ-
ent SPR arrangement was selected. An SPRi-PlexII

TM

(Genoptics-Horiba Sci-
entific, Orsay, France) was used to record the entire SPR curves over larger
sensing area and the comparison of the curves recorded before and after expo-
sure to the biopolymers used to estimate the thickness of the adsorbed layer us-
ing the Fresnel equations (Winspall 3.02, WINSPALL-Material Science Group-
MPI-P Mainz). The sensor chips were initially pre-treated with Piranha solution
(70%wt H2SO4 : 30%wt H2O2) for 5 min, rinsed with distilled water three times
and immersed overnight in a 1 mM solution of cystamine prepared in ethanol.
Thereafter the biochip was rinsed with distilled water three times, kept in distilled
water, sonicated for 30 s, and finally dried in a stream of nitrogen, providing the
sensor chip a hydrophobic layer similar to an oil interface (Tsukruk and Bliznyuk,
1998).

The system was left to equilibrate in a 50 µL min−1 flow of 0.01 M acetic
acid pH 3.8 containing 0.02%wt NaN3 (running buffer) till the signal stabilized,
with temperature control at 25◦C. The optimal incident angle was set and the
initial SPR angles recorded at 10 different locations 988 µm in diameter across
the modified sensor chip. The sensor chip was exposed to the biopolymer solution
and the flow stopped after 1 min. Adsorption of the biopolymer onto the sensor
chip was carried out over a 10 min period, after which the buffer was flowed
over the sensor surface for an additional 10 min at a flow rate of 50 µL min−1.
The adsorption experiment was stopped and plasmonic curves for the ten spots
recorded. The reflectivity after 10 min of desorption was taken and expressed in
ng cm−2, where 1% reflectivity corresponds to 200 pg mm−2.

Emulsification process

To produce O/W emulsions stabilized with WPI or WPI–CMC complex a two-step
emulsification was applied. First 40 g of crude sunflower oil and 160 g of acidified
WPI or WPI–CMC solution were mixed by a rotor-stator homogenizer (Ultra
Turrax, IKA R© T18 basic) at 7000 rpm for 10 min. Secondly, the coarse emulsion
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(cycle 0) was loaded into a High-speed mini kit (SPG Technology Co., Japan)
equipped with a hydrophilic Shirasu porous glass (SPG) membrane of 10 µm pore
size (membrane dimensions were 125 mm × 10 mm × 0.8 mm) (SPG Technology
Co., Japan). The coarse emulsion was forced through the membrane by nitrogen
gas, 175± 25 kPa and 750± 50 kPa was used for WPI and WPI–CMC respectively.
This procedure was performed up to 4 times, from cycle 1 to 4, to progressively
reduce the mean droplet size. After use, the SPG membrane was successively
cleaned by sonication in acetone for 15 min and kept in acetone for several days,
subsequently the membrane was dried in an oven at 500◦C for 30 min. Before
reuse, the membrane was washed again with distilled water while sonicating for
15 min.

Fresh emulsions were washed to reduce the amount of free emulsifier and reduce
the effect of the water phase composition during the final step of the emulsification
process. To do so, emulsions were centrifuged (Biocen 22R, rotor RT 223, Orto
Alresa) at 16 G, supernatant was removed and was refilled with 0.01 M acetic
acid solution at pH 3.8. After each washing step a sample of the supernatant
was kept for protein quantification; this showed that after each washing step the
WPI concentration was lowered leading to final concentrations below 0.3%wt WPI.
Protein quantification was done with Coomassie Brilliant Blue protein assay by
spectrophotometric measurements (DR 5000 Hach Lange) at 595 nm (Bradford,
1976).

To produce O/W emulsions with a second interfacial layer, such as, a CMC
covering a WPI layer (WPI + CMC) and a WPI–CMC complex layer covering a
WPI layer (WPI + WPI–CMC), interfacial components were added to the WPI
stabilized O/W emulsion in the final step. To add the second interfacial layer,
the WPI stabilized emulsion was centrifuged at 16 G for 10 min, supernatant was
removed and the cream was resuspended in the same volume of acidified CMC or
WPI–CMC solution at pH 3.8 while stirring for 30 min. Table 2.1 shows the final
step of the emulsification process including the interfacial components added to
form the first and second layer and the washing steps performed.

To assess the effect of several washing steps used in the process on emulsion
stability:

i) all emulsions were washed twice (Table 2.1)

ii) a sample of WPI and WPI–CMC emulsions were not washed and used as a
blank.
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Table 2.1: Final step of the emulsification process including the interfacial compo-
nents of the first and second layer and the washing steps.

Interfacial structure First layer washing Second layer washing

WPI WPI 2×
WPI–CMC WPI–CMC 2×
WPI + CMC WPI 1× CMC 1×
WPI + WPI–CMC WPI 1× WPI–CMC 1×

Droplet size distribution measurement

The droplet size distribution of O/W emulsions was measured, after every emul-
sification step and at day 0, 3, 7, 10 and 14 for the washed emulsions and at day
0 and 14 for non-washed emulsions, by laser light scattering (Mastersizer 2000,
Malvern Instruments). Distilled water was used as continuous phase, stirring
speed was set at 1400 rpm, and laser obscuration was between 10 – 15%. Re-
fractive index (RI) of both phases was measured by a refractometer (Digital Abbe
Refractometer-WYA–1S, 315). RI of distilled water and crude sunflower oil were
1.3324 and 1.4724, respectively, at 25◦C. From the droplet size distributions, mean
droplet size and droplet size dispersion can be calculated, which were expressed as
the volume-weighted mean diameter d4,3 and the relative span factor respectively.
The volume-weighted mean diameter (De Brouckere) is calculated as:

d4,3 =

∑
i

nid
4
n,i∑

i

nid
3
n,i

(2.1)

where dd is the droplet size of a single droplet and n is the amount of droplets
with equal size. The relative span factor (from this point on, span) is a dimension-
less parameter indicative of the uniformity of the droplet size dispersion defined
as:

span =
d90 − d10
d50

(2.2)

where d10, d50 and d90, are the representative diameters where 10%, 50% and
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90% respectively of the total volume are made up of droplets with diameter smaller
or equal to these values.

Kinetics of lipid oxidation

To determine the kinetics of lipid oxidation, emulsions were stored in transparent
glass beakers covered with glass Petri-dish in a closed box at 7◦C. The box had a
UV-light (Philips TL 8W/108 ultraviolet) attached to the lit to promote the oxi-
dation process. Emulsion oxidation was monitored for 2 weeks and representative
samples were analyzed after 0, 3, 7, 10 and 14 days of storage. Before taking a
sample, the emulsions were homogenized by stirring. Lipid oxidation was deter-
mined by thiobarbituric acid-reactive substances (TBARS) assay (Bernheim et al.,
1948). A TBA reagent was prepared by 0.375%wt 2-thiobarbituric acid (≥ 98%,
sigma-aldrich), 15%wt trichloroacetic acid (99+%, acros organics) in 0.25 M HCl.
3 mL of emulsion was mixed with 6 mL TBA reagent thereafter, the oil and water
phase were separated by centrifuge (Biocen 22R, rotor RT 223, Orto Alresa) at
1000 G. 3 mL of aqueous phase was heated for 15 min in a water bath at 100◦C,
cooled down to room temperature and centrifuged (rotor 222) at 10,000 G. Ab-
sorbance was measured by photospectrometry (DR 5000 Hach Lange) at 532 nm.
A calibration curve was prepared with 1,1,3,3 tetra ethoxypropane (≥ 96%, Aldrich
chemistry).

Creaming stability measurement

Oil droplets in O/W emulsions are subjected to buoyancy forces and depending on
the size of the droplet and the viscosity of the aqueous phase are bound to cream
(Stokes’ law). Creaming of emulsions can be expressed by the vertical velocity of
the front of the emulsion droplets and the aqueous phase, expressed in mm h−1.
To measure the creaming velocity front, a Turbiscan Lab

TM

Expert (Formulaction,

France) was used. The Turbiscan Lab
TM

Expert transmits light (880 nm) and
measures the amount of light which passes through (transmission) and which is
reflected (backscattering) over the full height of a glass tube. Backscattering (BS)
profiles were taken from approximately 20 mL of freshly prepared emulsion every
5 min for 4 h.
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Figure 2.1: State diagram of the WPI/CMC system in aqueous solution at a constant
WPI concentration of 0.5%wt (dissolved in 0.01M acetic acid). Values
show transmission (T [%]) through the liquid phase, accentuated by the
color shading. The two phase region is delimited by the ( ) area.

2.3 Results and discussion

2.3.1 Complex formation

To investigate WPI and CMC multi-layers formation on O–W interfaces, interac-
tion between WPI and CMC was studied in aqueous solutions. Transmission data
of the pure WPI and CMC components was compared to mixtures at different pH
and ratio. To investigate WPI and CMC multi-layers formation on O–W interfaces,
interaction between WPI and CMC was studied in aqueous solutions. Transmis-
sion data of the pure WPI and CMC components was compared to mixtures at
different pH and ratio.

Figure 2.1 shows the state diagram of aqueous solutions of 0.5%wt WPI with
CMC at concentrations ranging from 0 to 0.5%wt in 0.01 M acetic acid and
0.02%wt NaN3. The influence of pH and the WPI to CMC mass ratio on tur-
bidity, expressed in terms of transmission data enabled to identify a liquid phase
region and a two-phase region, made of an insoluble precipitate and a clear liquid
phase.
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Figure 2.2: ζ-potential measurement of 0.5%wt WPI ( ), 0.25%wt CMC ( ), and
0.5%wt WPI – 0.25%wt CMC ( ) dissolved in 0.01 M acetic acid at pH
3.8.

At pH values above 5.5, transparent solutions with high transmission values
(> 80%) can be seen after mixing WPI and CMC. By decreasing pH, the turbidity
of the liquid phase increased and transmission values significantly decreased. At
pH between 4 and 4.6, a milky solution, with no precipitate but low transmission
values of 0 – 30% were detected in the whole range of WPI:CMC ratio. The aqueous
solution of 0.5%wt WPI showed lowest transmission data at a pH of 5.2 which is
the isoelectric point of the protein where maximum aggregate sizes occur (Ju and
Kilara, 1998). Simultaneously, we checked the turbidity of a solution containing
0.25%wt of CMC: a clear solution (> 88%) was found over the whole pH range.
At conditions of low pH, soluble WPI–CMC complexes are formed as a result
of the negative protein surface charge and by a pH value close to the pK of the
polysaccharide. A further pH decrease (< 3.6) leads to a two-phase region, made
of the precipitated WPI–CMC complex and a clear liquid phase. These results
are in agreement with those reported by (Koupantsis and Kiosseoglou, 2009) for a
similar system.

At low transmissions, interactions between WPI and CMC are stronger and
should form a thick dense layer on O–W interfaces (Dickinson, 2008). Therefore,
considering the state diagram, a soluble complex of WPI:CMC ratio of 2:1 (0.5%wt
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Figure 2.3: Progress of the adsorbed amount of biopolymer measured by SPR after
applying one and/or two layers. (a) One layer interface: WPI ( ), WPI–
CMC ( ), and CMC ( ). (b) Two layer interface: WPI + WPI–CMC
( ), and WPI + CMC ( ).

WPI – 0.25%wt CMC complex) at pH 3.8 was chosen for further experiments. To
confirm complex formation ζ-potential measurements were conducted. Figure 2.2
shows the ζ-potential distributions of WPI, CMC and 0.5%wt WPI – 0.25%wt
CMC complex. A monomodal disperion for each of them indicates that, at the
chosen pH, WPI (+18.5 mV) and CMC (– 23.3 mV) had a positive and negative
ζ-potential, respectively, while the WPI–CMC complex was truly formed given a
ζ-potential of – 28.1 mV. Although, one would expect for WPI–CMC a ζ-potential
between the values of WPI and CMC, the real value is even lower than that of
CMC. Considering that ζ-potential measures the electrical surface charge of the
hydrocolloid, a displacement of the positive electrical patches inwards, away from
the WPI–CMC complex surface, during the complex formation may explain this
result.
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Table 2.2: Mass adsorption of interfacial structures to a gold surface by SPR.

layer one layer two total

compound mass compound mass total mass
[ng cm−2] [ng cm−2] [ng cm−2]

WPI 150 150
WPI–CMC 220 220
WPI 150 + WPI–CMC 110 260
WPI 130 + CMC 40 170
CMC 0 0

2.3.2 Adsorption of WPI, CMC and WPI–CMC complex

Surface plasmon resonance was used to study the mass adsorption and thickness
of several interfacial structures of WPI and CMC to surfaces. A gold layer (by
SPR) and a hydrophobic layer (by SPRi) were used to mimic the O–W interface.

SPR

We first measured the amount of WPI, WPI–CMC complex and CMC adsorbed
to a gold surface at the same conditions of pH and ionic strength as those used for
obtaining the WPI–CMC complex. Figure 2.3a shows the progress of the adsorbed
amount of one layer of biopolymer over time. As expected, only WPI and WPI–
CMC complex extensively adsorbed to the gold surface, reaching an adsorption of
150 and 220 ng cm−2, respectively (Table 2.2).

In the case of interfacial structures made of two layers, we measured the amount
of WPI–CMC complex and CMC adsorbed to a first WPI layer to characterize the
WPI + WPI–CMC and WPI + CMC interfacial structures, respectively (Fig-
ure 2.3b). Both WPI–CMC complex and CMC were significantly adsorbed to the
WPI layer at the conditions considered, with a final amount of mass adsorbed of
260 and 170 ng cm−2, respectively. Therefore, the surface mass adsorption of CMC
can only be efficiently obtained in combination with WPI. Figure 2.3 shows that
when applying only one layer, the WPI–CMC layer yields a higher mass adsorption
than a WPI. In case of two layers, the WPI + WPI–CMC layer yields a higher
mass adsorption than the WPI + CMC.

According to these results, any of the complex interfacial structures considered,
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Figure 2.4: Progress of the adsorbed amount of biopolymer measured by SPRi after
applying one layer: WPI ( ) and WPI–CMC ( ) complex.

WPI–CMC, WPI + WPI–CMC and WPI + CMC, formed a stable layer at the
studied conditions, providing suitable alternatives to produce multi-layered O/W
emulsions. All of these complex interfacial structures were used to produce O/W
emulsions.

SPRi

Additional adsorption experiments were conducted to investigate the mass ad-
sorption, the adsorbed layer thickness, and density of 1%wt WPI and 0.5%wt
WPI – 0.25%wt CMC complex to a hydrophobic surface that mimics an O–W in-
terface in a real emulsion. Figure 2.4 shows the progress of mass adsorption and
mass desorption of biopolymers over time.

After injection, both WPI and WPI–CMC directly adsorbs to a large extend
to the hydrophobic surface. At desorption both curves show a peak in adsorbed
mass, due to the remains of the biopolymer solution in the tubes which start to flow
over the prism. In case of WPI, the adsorbed mass decreases drastically during
desorption, while the adsorbed mass for WPI–CMC is maintained.

Figure 2.5 shows the reflection of the prism surface at varying laser incident
angles, for both WPI and WPI–CMC before and after its adsorption. The angle
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shift after adsorption provides information about the thickness of the adsorbed
layer: a small angle shift indicates a thin layer, while a larger angle shift indicates
a thicker layer. For both biopolymers, Figure 2.5a and b, an angle shift was
observed, Table 2.3 shows the mass, thickness and density of the WPI and WPI–
CMC layers.

Even though the adsorbed mass of WPI–CMC complex was higher than that
of WPI, the interfacial structure of WPI was significantly denser than that of the
WPI–CMC complex.

Comparing the results obtained with SPR and SPRi, we observed that the mea-
sured mass adsorbed of WPI was the same by any of both techniques, regardless of
the surface hydrophobicity (gold versus cystamine). In the case of the WPI–CMC
complex, the mass adsorbed to the gold surface was significantly lower than that
adsorbed to the hydrophobic surface.

2.3.3 Premix membrane emulsification

Coarse O/W emulsions (cycle 0) stabilized by 1.0%wt WPI and 0.5%wt WPI –
0.25%wt CMC complex were pressurized through SPG membranes to obtain one-
layer emulsions. After premix emulsification a final step was preformed where all
samples were washed and a second layer was added to form WPI + WPI–CMC
and WPI + CMC emulsions.

Figure 2.6 shows the typical progress of the droplet size distribution of the
emulsions during premix ME for the first layer, as shown by other authors (Vladis-
avljević et al., 2006a). After the rotor-stator step, the droplet size distribution
shows a broad, flat peak in the region of 10 µm and a higher peak around 70 µm.
After the first cycle of emulsification, two narrow peaks were obtained (bimodal
dispersion): a narrow peak around 10 µm and a flat peak in the region of 0.1 µm.
From cycles 2 to 4, a slight reduction in droplet size was observed.

Table 2.3: Mass adsorption, thickness and density of two interfacial structures to a
hydrophobic surface by SPRi.

compound mass thickness density
[ng cm−2] [nm] [g cm−3]

WPI 155 0.6 2.59
WPI–CMC 308 2.2 1.40
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Figure 2.5: Reflectivity of the prism measured at varying incident angles for the clean
prism ( ) and after adsorption of (a) 1%wt WPI ( ) and (b) 0.5%wt
WPI – 0.25%wt CMC ( ).

Figure 2.7 shows how the number of cycles of premix ME affect the d4,3 and
span of the O/W emulsions stabilized with the several interfacial structures, and
the effect of the final step. Regardless of the composition of the first layer (WPI
or WPI–CMC complex), it is clear that droplet break-up occurs predominantly
during the first emulsification cycle: mean values of d4,3 reduced from, relatively
large droplets in the coarse emulsion, approximately 70 µm to 15 µm after the first
cycle. Increasing the number of emulsification cycles, a slight further reduction in
the droplet size diameter was observed, even though this reduction was much
smaller than for the first cycle. The final d4,3 was, in all cases, very close to the
mean pore size of the SPG membrane (approximately 10 µm), reported as one of
the key parameters controlling droplet size (Nazir et al., 2010).

Regarding the droplet size dispersion of the emulsions obtained in the present
work, the span values (Figure 2.7b) showed a significant increase after the first
emulsification cycle. A significant amount of much smaller droplets (from 0.1 to
1 µm) than the membrane pore size (Figure 2.6) were formed already in the first
premix cycle, increasing the droplet size dispersion. This behaviour, reported by
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Figure 2.6: Progress of droplet size distribution during premix membrane emulsifica-
tion of O/W emulsions stabilized by (a) 1.0%wt WPI and (b) 0.5%wt
WPI – 0.25%wt CMC: coarse emulsion (cycle 0) ( , ), cycle 1 ( ,

), cycle 2 ( , ), cycle 3 ( , ), and cycle 4 ( , ).

other authors (Driessen and Jeurissen, 2011, van der Zwan et al., 2006), indicates
elongation as one of the mechanisms controlling droplet break-up during droplet
passage through the membrane pores. Their effect on emulsion stability during
storage will be discussed in the following section (2.3.4).

After cycle 4, all emulsions were washed and, subsequently, the second layer was
added to the O/W emulsions (WPI + WPI–CMC and WPI + CMC emulsions).
This final step had an unequal effect: d4,3 of WPI and WPI–CMC emulsions kept
almost constant while WPI + WPI–CMC and WPI + CMC emulsions showed a
tremendous increase in droplet size. Coalescence of the emulsion occurred upon
addition of the second layer. Apparently, the O–W interface was left less protected,
therefore, coalescence could occur. At addition of the second layer the biopolymer
might be interacting with the adsorbed WPI in such a way that it takes away
the WPI from the surface, which leaves the emulsion less protected. Due to the
instability of both WPI + WPI–CMC and WPI + CMC emulsions (Figure 2.7a),
these emulsions were not further monitored during the storage conditions.
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Figure 2.7: (a) Droplet sizes (d4,3) and (b) droplet size dispersion (span); for WPI
(p), WPI–CMC (u), WPI + WPI–CMC (t), and WPI + CMC (r)
emulsions, during the emulsification process from cycle 0 (coarse emul-
sion) to 4. And the final step existed of washing for WPI and WPI–CMC
emulsion, and washing and addition of second layer for WPI + WPI–CMC
and WPI + CMC emulsions.

As a first measure of the physical stability of the several O/W emulsions ob-
tained, we determined the creaming velocity, that is, the vertical velocity of the
droplet/aqueous phase front for the first 4 hours after the emulsification process.
According to these results, WPI and WPI–CMC emulsions had a creaming front
velocity of 5.17 and 5.18 mm h−1 respectively.

2.3.4 Emulsion stability

The emulsion stability regarding droplet size and lipid oxidation of WPI and WPI–
CMC O/W emulsions was monitored for two weeks during storage under UV-light
at 7◦C. Additionally, and to examine the effect of the final washing step on emulsion
stability, the droplet size dispersion for WPI and WPI–CMC O/W emulsions that
were not washed was determined after two weeks of storage at 7◦C (from here on,
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Figure 2.8: (a) Droplet sizes (d4,3) and (b) droplet size dispersion (span); stability
measurements over time of WPI (p), WPI–CMC (u), non-washed WPI
(
@

), and non-washed WPI–CMC (E) emulsions.

non-washed emulsion).

Figure 2.8a shows a significant increase in droplet size already during the first
week of storage for WPI and WPI–CMC. After two weeks of storage values between
6 and 9 times the initial d4,3 were observed. Although both emulsions presented
a poor stability, the progress of span over time showed differences between them:
the span (Figure 2.8b) of the WPI emulsions increased abruptly after one week of
storage, while the span of the WPI–CMC layer kept almost constant over time.
After 14 storage days, individual droplets of both emulsions were significantly
larger in size than the initial droplets, suggesting that coalescence or Ostwald
ripening (also disproportionation) was responsible for the observed droplet growth.

The evolution of the droplet size distribution of the WPI and WPI–CMC O/W
emulsions is plotted in Figure 2.9. The complex emulsions initially had a bimodal
droplet size dispersion, but over time the small droplets disappeared and the larger
ones grew leading to a monomodal dispersion after 7 storage days, which slowly
moved up the droplet size axis over time. These results are consistent with Ostwald
ripening, in which oil droplets diffuse through the aqueous phase and join larger
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Figure 2.9: Droplet size distribution during storage of emulsions (a) WPI and (b)
WPI–CMC: day 0 ( , ), day 3 ( , ), day 7 ( , ), day 10 ( ,

), and day 14 ( , ).

droplets, which may be responsible for the observed droplet growth in WPI–CMC
complex emulsions (Lim et al., 2011). Although the solubility of the lipid in
the aqueous phase has been reported as the most important factor affecting the
rate of Ostwald ripening, interfacial properties and droplet size dispersion can
also cause this instability (Zeeb et al., 2012). In the case of WPI emulsions the
droplet size distribution progressed in a different way than WPI–CMC emulsion:
the initial bimodal dispersion shifted to a three modal dispersion after one week of
storage. The peaks of small droplets decreased while a third peak of bigger droplets
appeared. This suggests, not only one mechanism may control the stability of
mono-layer emulsions, as this different pattern of droplet growth suggest.

Additionally Figure 2.8 shows a much higher stability for the non-washed emul-
sions regardless of the type of interfacial structure. These results suggest that the
washing process, centrifugation followed by replacement of the water phase, in-
duced a major destabilization on the O–W interfaces. A redistribution of the WPI
and WPI–CMC complex at the droplet interface may be the reason of the much
lower stability observed in WPI–CMC and WPI emulsions.
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Figure 2.10: (a) oxidation measurement by TBARS assay and (b) surface evolution
in time, of emulsions stabilized by WPI (p), and WPI–CMC (u) emul-
sions.

Figure 2.10 shows the progress of TBARS and droplet surface of WPI–CMC
and WPI O/W emulsions during storage at 7◦C. From three days of storage,
the oxidation rate of WPI–CMC emulsions was much higher than that of WPI
emulsions, even though the interfacial surface area of the WPI O/W emulsion was
greater. Considering this, the rate of oxidation clearly depended on the biopolymer
type at the interface.

The interfacial properties of emulsions seem to have a strong effect on the ox-
idative stability of the oil phase. Therefore the formation of a thicker and denser
interfacial film that act as a physical barrier, separating lipids from pro-oxidants
in the water phase, has been suggested as a strategy to reduce lipid oxidation in
emulsions (McClements and Decker, 2000). In addition, other interfacial prop-
erties, such as the electrical charge at the droplet interface plays a key role on
lipid oxidation: the greater the surface charge density on an emulsion droplet, the
greater the ability to attract oppositely charges counter-ions, some of them capable
of promoting lipid oxidation.

Considering this, the oxidative stability of the WPI and WPI–CMC O/W emul-
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sions should be related to their properties at the interface. Since it was not possible
to measure those properties at the real droplet interface, the adsorption behavior
of WPI and WPI–CMC complex to interfaces of different hydrophobicity and the
ζ-potential of WPI and WPI–CMC complex in solution were used to interpret the
lipid oxidation progress of WPI and WPI–CMC emulsions. In this sense, SPR de-
terminations showed that WPI formed a significantly denser interfacial structure
than the WPI–CMC complex (Table 2.3). According to the oxidation rate shown
by WPI and WPI–CMC emulsions, the denser interfacial coating formed by WPI
would better reduce the diffusion of any transition metal present in the system
than the thicker but more openly packed layer made of WPI–CMC complex.

Values of ζ-potential of WPI and WPI–CMC complex at the same conditions as
those used in the emulsions were +18.5 and – 28.1 mV, respectively. Considering
this, the negatively charged lipid droplets of the complex emulsion could attract
positively charged transition metals to their surfaces, thereby bringing the pro-
oxidant into close proximity to the lipid substrate and increasing the oxidation
rate.

The role of the interfacial composition, in particular electrical charge, on the
oxidation rate has been reported by other authors. Charoen et al. (2012) ob-
served that the oxidation rate of O/W emulsions stabilized with gum Arabic was
much higher than that of emulsions stabilized with modified starch or WPI. These
differences were particularly great at pH 3, at which the ζ-potential of droplets
stabilized with gum Arabic was negative (– 13 mV) while the ζ-potential of those
stabilized with WPI was positive (+37 mV).

2.4 Conclusions

Premix ME enables to produce O/W emulsions with interfacial structures made
of WPI and a WPI–CMC complex. Although the adsorption between the several
layers was confirmed by SPR, the stability of the final O/W emulsions was different
according to the composition and number of interfacial layers. Even though WPI
emulsions showed a mean droplet size close to the pore membrane (10 µm), a signif-
icant amount of much smaller droplets contribute to increase droplet dispersion.
This seemed to affect emulsion stability during storage. Non-washed emulsions
were much more stable than their washed counterpart, this suggest that reducing
the non-adsorbed WPI in the water solution (either as a complex or isolated) by
centrifugation did contribute to droplet flocculation and further coalescence. A
redistribution of the WPI and WPI–CMC complex at the droplet interface may
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be the reason of the much lower stability.
The oxidation rate of emulsions strongly depended on the interfacial compo-

sition. Adsorption data at hydrophobic interface and the electrical charge of the
WPI–CMC complex suggest that it formed a thick but less dense interface than
WPI with a negative charge able to attract any transition metal ion and promote
lipid oxidation. This research suggests that the strategies to improve the oxidation
stability of O/W emulsions by tailoring their interface should consider multi-layer
arrangements, e.g. made of WPI, or protein–polysaccharide complexes having a
positive electrical charge at the emulsion conditions, among others. The use of pre-
mix ME to obtain stable emulsions with multi-layer interfaces should be further
investigated.
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3
Water-in-oil-in-water emulsions encapsulating a

procyanidin-rich extract

This chapter has been published as:

Rikkert Berendsen, Carme Güell, Montserrat Ferrando. A procyanidin-rich extract
encapsulated in water-in-oil-in-water emulsions produced by premix membrane
emulsification, Food Hydrocolloids, DOI: 10.1016/j.foodhyd.2014.07.023.
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Abstract

Premix membrane emulsification (ME) enabled us
to produce procyanidin-loaded W1/O/W2 emulsions
with narrow droplet size distributions. The emulsion
interface of the outer droplets were stabilized with
several hydrophilic emulsifiers (whey protein (WPI),
WPI–Carboxymethyl cellulose, WPI–Gum Arabic,
and WPI–Chitosan) and their effect on procyani-
din encapsulation, droplet stabilization, and cream-
ing stability in different pH environments was deter-
mined.
Although premix ME produced emulsions with a
narrow droplet size distribution for all hydrophilic
emulsifiers with sizes around 10 µm, droplet coa-
lescence was observed at high (pH 7) or low pH
(pH 3) environments depending on the hydrophilic
emulsifier. A certain range of pH was found for
each hydrophilic emulsifier at which double emul-
sions were stable up to 14 days. The procyanidin
release of W1/O/W2 emulsions stabilized with the
several WPI–polysaccharides was measured during
14 days and depended on the interfacial thickness
of the adsorbed hydrophilic emulsifier. WPI–Chi
stabilized W1/O/W2 emulsions showed the highest
stability in droplet size distribution and the lowest
procyanidin release at a narrow pH range. A thicker
interfacial WPI–Chi layer (4.2 nm versus 2.2 and
3.9 nm for WPI–CMC and WPI–GA, respectively)
resulted in a lower procyanidin release.
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3.1 Introduction

Procyanidins, oligomers of (–)-epicatechin and (+)-catechin, are secondary
metabolites of plants that can be found in a number of plant-based foods and bev-
erages (Hammerstone et al., 2000). Regular intake of foods rich in procyanidins
has been linked to a reduction of risk in cardiovascular diseases (Yamakoshi et al.,
1999), diabetes (Pinent et al., 2004), and certain types of cancer (Santos-Buelga
and Scalbert, 2000). Although the particular role of procyanidins on reducing risk
factors or acting on different parameters related to vascular diseases and cancer re-
quires a better understanding, in vitro and clinical studies show consistently their
positive effects on human health (Williamson and Manach, 2005).

One of the main problems of procyanidins consumed through our diet is that
they show low bioavailability (Gonthier et al., 2003). Only a small proportion
of procyanidins is bioavailable after oral administration, due to insufficient gastric
residence time, low permeability or solubility in the gut or degradation at the envi-
ronmental conditions of the gastrointestinal tract (pH, enzymes, presence of other
nutrients). Besides, procyanidins found in food can be damaged by high temper-
ature or exposure to oxygen during processing or storage. In terms of sensory
properties, procyanidins are mainly characterized by bitterness and astringency
what may additionally limit their use in formulating food products (Lesschaeve
and Noble, 2005).

Procyanidin encapsulation overcomes the drawbacks of sensitivity to high tem-
perature, chemical degradation and limited bioavailability. By choosing the ade-
quate encapsulation technology, procyanidins can be protected from undesired
degradation due to environmental effects or can be released at a controlled rate
in the mouth, stomach, or small intestine (Fang and Bhandari, 2010, McClements
et al., 2009). Among the existing encapsulation technologies, production of dou-
ble emulsions has been reported to provide advantages for a number of industrial
applications (van der Graaf et al., 2005). Water-in-oil-in-water (W1/O/W2) emul-
sions consist of small water droplets contained within larger oil droplets that are
dispersed in an aqueous continuous phase. The structure of W1/O/W2 emulsions
make them suitable as delivery systems of water soluble bioactive molecules, pre-
senting some advantages over W/O single emulsions, such as their lower viscosity.
Procyanidins, water soluble components, can be dispersed into the inner water
phase to be protected from chemical degradation and to prevent their undesir-
able sensory qualities to be perceived during mastication (Benichou et al., 2004).
Double emulsions are normally produced using a two-step procedure:

i) a W1/O emulsion is produced by homogenizing water, oil and a hydrophobic
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emulsifier

ii) a W1/O/W2 emulsion is then produced by homogenizing the W1/O emulsion
in water containing a hydrophilic emulsifier.

The same kind of homogenization devices used to produced single emulsions can
be used to prepare double emulsions (e.g., rotor-stator system, high pressure ho-
mogenizers, colloid mills, ultrasonic homogenizers), although the secondary ho-
mogenization step is usually carried out using a lower energy intensity than the
primary step so as not to break the initial W1/O emulsion (Charcosset, 2009).

Membrane emulsification (ME) has received increasing attention over the last
years because of the low energy consumption, the better control of droplet size
distribution and the mildness of the process. The use of low-shear stresses makes
membrane emulsification a suitable technology for producing double emulsions,
overcoming the limitations of conventional homogenization. In premix ME, first a
coarse emulsion is made and successively pushed through a membrane. Passing the
coarse emulsion through the membrane, the droplets break-up into smaller ones
(van der Graaf et al., 2005). Generally more than one pass through the membrane
is required to decrease droplet size and dispersion. The mild conditions of premix
ME are especially useful for the second emulsification step in order to prevent
the rupture of the emulsion structure, which might end up into a single O/W
emulsion. In contrary to conventional emulsification methods, it becomes possible
to produce small and monodisperse droplets without using high-shear stresses that
cause escape of the internal droplets.

Several authors (Kawashima et al., 1991, Vladisavljević et al., 2004) have pro-
duced W1/O/W2 emulsions using premix ME. Shirasu porous glass (SPG) and
polymeric microfiltration membranes of cellulose acetate and polycarbonate, have
been used to obtain W1/O/W2 emulsions entrapping a water soluble compound
in the inner water droplets. According to Vladisavljević et al. (2006b), premix
ME enables a controlled production of W1/O/W2 emulsions with high encapsu-
lation efficiency and at high production rates. Operating conditions that have a
strong influence on the droplet size distribution, transmembrane flux and encapsu-
lation efficiency are membrane pore size, number of passes through the membrane
(cycles) and transmembrane pressure. These conditions have to be adjusted to
each particular formulation since the content of inner droplets, the viscosity of
the continuous phase or the emulsifier properties (interfacial tension and adsorp-
tion rate at newly formed interfaces) strongly determine the characteristics of the
W1/O/W2 emulsions produced by premix ME.

The thermodynamic stability of double emulsions is lower than in single emul-
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sions due to their higher interfacial area. Several mechanisms control the stability
of double emulsions and are known to occur simultaneously during production
and storage. To increase the stability of W1/O/W2 emulsions, different types
of emulsifiers at varying concentrations have been formulated in the oil and ex-
ternal water (W2) phases. Polymeric emulsifiers, such as proteins, successfully
stabilize oil-water interfaces because of their ability to reduce the interfacial ten-
sion and simultaneously form an interfacial nanolayer able to prevent coalescence.
Recent research suggests the use of proteins in combination with polysaccharides
as hydrophilic emulsifiers for improving the stability and functionality of emul-
sions (Dickinson, 2011b, Turgeon et al., 2007). In particular, soluble protein–
polysaccharide complexes, result of electrostatic interactions between oppositely
charged macromolecules at certain conditions of pH and ionic strength, can be
advantageously used to stabilize oil-in-water interfaces (Benichou et al., 2004,
Dickinson, 2008, Guzey and McClements, 2006). The interfacial coatings made
of protein–polysaccharide complexes increase the physical stability of oil-in-water
emulsions against stresses such as temperature, mechanical agitation, pH and the
presence of multivalent ions (Guzey and McClements, 2006, Ogawa et al., 2003).
In addition, the interfacial structures made of protein complexes may improve the
retention of any bioactive compound encapsulated. This kind of interfacial coating
can be denser and thicker, hindering the diffusion of any encapsulated bioactive
compound.

Whey protein isolate (WPI) complexed with different polysaccharides have sur-
face active properties able to stabilize O/W emulsions. Some of those polysaccha-
rides include: carboxymethyl cellulose (Girard et al., 2002), gum Arabic (Jiménez-
Alvarado et al., 2009), chitosan (Laplante et al., 2005a), pectins (Neirynck et al.,
2004) and dextran (Frank et al., 2012). In some cases, O/W emulsions stabi-
lized with WPI–polysaccharide complexes showed higher stability than those sta-
bilized with WPI. Damianou and Kiosseoglou (2006) investigated the effect of pH
to the surface coverage of WPI–carboxymethyl cellulose complex to O/W emul-
sions. They found that carboxymethyl cellulose is increasingly adsorbed to the
O–W interface when lowering the pH. Laplante et al. (2005b) found that O/W
emulsions stabilized with WPI–chitosan were more stable at high pH and WPI to
chitosan ratios. Jiménez-Alvarado et al. (2009) encapsulated ferrous bisglycinate
in W1/O/W2 emulsions using WPC–gum Arabic, WPC–low methyl pectin, and
WPC–mesquite gum complexes as hydrophilic emulsifiers and linked the encap-
sulation and the protection against oxidation of ferrous bisglycinate to the type
of polysaccharide used in the complex, where they suggested that a thicker layer
leads to better protection. Neirynck et al. (2004) stabilized O/W emulsions using
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WPI–low methoxyl pectin Maillard type complex, which lead to improved stability
near the isoelectric point of whey protein (pH 5.5). Frank et al. (2012) produced
W1/O/W2 emulsions using WPI–dextran complex as a hydrophilic emulsifier and
observed that their droplet size distribution changed during gastric incubation,
with a significant increase of W1/O droplet size.

In this Chapter, we assessed premix ME to produce W1/O/W2 emulsions en-
trapping procyanidins in the inner water phase, using WPI–polysaccharide com-
plexes as hydrophilic emulsifiers. The influence of three WPI–polysaccharide com-
plexes, WPI–carboxymethyl cellulose, WPI–gum Arabic and WPI–chitosan on the
emulsion stability and procyanidin release during storage was investigated. To do
so, the adsorption properties of the four different interfacial structures, made of
WPI and each WPI–polysaccharide complex, together with the surface charge of
the droplets were investigated. For producing the W1/O/W2 emulsions, firstly
the conditions for WPI–polysaccharide complexation were verified for each sys-
tem. Secondly, double emulsions were produced with each selected complex by
setting the operating conditions (transmembrane pressure) during premix ME us-
ing Shirasu porous glass (SPG) membranes. Emulsion properties, such as droplet
size distribution, creaming stability and release of procyanidins were determined
over time at different pH environments. Surface Plasmon Resonance measure-
ments were performed to determine the thickness and density of the adsorbed
layer, while ζ-potential measurements provided information on the charges of the
different hydrophilic emulsifiers and at the droplet surface of W1/O/W2 emulsions.

3.2 Materials and Methods

3.2.1 Materials

Vitaflavan Pur’expert (DRT, France), a water soluble commercial grape seed ex-
tract, with a reported total polyphenol content above 96% of which 22% are
monomers, 19% are dimers and 56% are trimers up to pentamers, was the source
of procyanidins encapsulated in the W1 phase of the double emulsions. Vitaflavan
was kindly provided by Quimidroga, S.A. Barcelona, Spain. The oil phase of the
emulsions (O) was composed of crude sunflower oil, kindly provided by Cargill
S.L.U. (Reus, Spain), and a 4%wt of polyglycerol polyricinoleate (PGPR), a very
effective hydrophobic emulsifier.

To obtain the several WPI–polysaccharide complexes that were used as hy-
drophilic emulsifiers in the W2 phase, 2.0%wt solutions were prepared by dissolv-
ing in distilled water and stirring for 2 h the following compounds: whey protein
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isolate (WPI) with a reported protein content of 98.1% on dry basis (BiPRO, lot
no. JE 034-7-440-6, Davisco Foods International. Inc., Le Sueur, MN) and car-
boxymethyl cellulose sodium salt (CMC) (Acros Organics), with a Mw of 250,000
and a degree of substitution (DS) of 0.7, and gum Arabic (GA) from acacia tree
(Sigma-Aldrich Quimica, S.L.), solutions were kept overnight at 7◦C.

A solution of 0.4%wt chitosan (Chi) of low molecular weight with a Mw of
150,000 (Sigma-Aldrich) was obtained after dissolving and stirring, for 2 h at
room temperature, in acetic acid solution. Osmolality was adjusted by preparing
all solutions in 0.01 M acetic acid (acetic acid 96%, Panreac) and 0.02%wt sodium
azide (NaN3, Sigma-Aldrich), from here on called acetic solution.

3.2.2 Methods

State diagram of hydrophilic emulsifiers

We obtained the state diagram of WPI–GA and WPI–Chi to determine at which
conditions (pH and WPI to polysaccharide mass ratio) the soluble electrostatic
complexes are formed. Aqueous solutions containing 0.5%wt of WPI were com-
bined with either GA or Chi solutions. Different concentrations were prepared to
obtain a final ratio of 1:0, 1:1, 2:1, 3:1 and 4:1, for GA and a final ratio of 1:0,
5:1, 10:1, 20:1 and 40:1, for Chi. All mixtures were made in acetic solution and
the pH was adjusted to 6 or 3 with 1 M HCl or 1 M NaOH solutions. Turbidity
and pH of each mixture was measured right after preparation to identify a clear
solution, a cloudy solution or the formation of a precipitate. Turbidity was quan-
titatively measured from the transmission (T) profiles obtained with a Turbiscan

Lab
TM

Expert (Formulaction, France).
From these experiments an adequate WPI–polysaccharide ratio and pH were

chosen to obtain a hydrophilic emulsifier that, afterward, was used to stabilize
the O–W2 interface. WPI–CMC complex, which was verified in Chapter 2, and
(non-complexed) WPI were the other hydrophilic emulsifiers employed. Table 3.1
summarizes the composition of each hydrophilic emulsifier and the conditions of
pH and transmembrane pressure (∆Ptm), at which the double emulsions were
produced.

Determination of osmolality

Osmotic pressure was measured by a vapor pressure osmometer (K-7000,
KNAUER) at 30◦C. Calibration was done with a NaCl solution of 100 mOsm kg−1.
The osmotic pressure of W1 and W2 (see composition in Tables 3.1 and 3.2) were
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Table 3.1: Premix ME conditions during the production of W1/O/W2 emulsions sta-
bilized by different hydrophilic emulsifiers

hydrophilic emulsifier pH ∆Ptm [kPa]

1.0%wt WPI 3.8 175± 25
0.5%wt WPI – 0.25%wt CMC 3.8 750± 50
0.5%wt WPI – 0.50%wt GA 4.8 250± 50
0.5%wt WPI – 0.05%wt Chi 5.4 300± 50

measured in comparison to distilled water. Measurements were monitored, until
stable values of vapor pressure were detected. Each experiment was repeated ten
times.

Table 3.2: Phase fractions of double W1/O/W2 emulsion and concentrations of com-
pounds in W1, Oil and W2, with acetic solution containing 0.01 M acetic
acid and 0.02%wt sodium azide.

fraction phase compound medium

6%wt W1 10%wt vitaflavan acetic solution
14%wt O 4%wt PGPR sunflower oil
80%wt W2 hydrophilic emulsifier acetic solution

Surface plasmon resonance measurements

To measure thickness and density of the interfacial structure built up by each hy-
drophilic emulsifier, a SPRi-PlexII

TM

(Genoptics-Horiba Scientific, Orsay, France)
was used to record the entire Surface Plasmon Resonance (SPR) curves. The
comparison of the curves recorded before and after exposure to the hydrophilic
emulsifier was used to estimate the thickness of the adsorbed layer using the Fres-
nel equations (Winspall 3.02, WINSPALL-Material Science Group-MPI-P Mainz).
For providing the sensor chips with a hydrophobic layer similar to oil, they were ini-
tially pre-treated with Piranha solution (70%wt H2SO4 : 30%wt H2O2) for 5 min,
rinsed with distilled water three times and immersed overnight in a 1 mM solu-
tion of cystamine prepared in ethanol. Thereafter the sensor chip was rinsed with
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distilled water three times, kept in distilled water, sonicated for 30 s, and finally
dried in a stream of nitrogen (Tsukruk and Bliznyuk, 1998).

The system was left to equilibrate in a 50 µL min−1 flow of 0.01 M acetic acid
pH 4.8 or 5.4 containing 0.02%wt NaN3 (running buffer) till the signal stabilized,
with temperature control at 25◦C. The optimal incident angle was set and the
initial SPR angles recorded at 10 different locations 988 µm in diameter across
the modified sensor chip. The sensor chip was exposed to the WPI–polysaccharide
solution and the flow stopped after 1 min. Adsorption of the WPI–polysaccharide
onto the sensor chip was carried out over a 10 min period, after which the buffer
was flowed over the sensor surface for an additional 10 min at a flow rate of
50 µL min−1. The adsorption experiment was stopped and plasmonic curves for
the ten spots were recorded. The reflectivity after 10 min of desorption was taken
and expressed in ng cm−2, where 1% reflectivity corresponds to 200 pg mm−2.

ζ-potential measurement

Laser Doppler micro-electrophoresis, Zetasizer Nano ZS (Malvern Instruments),
was used to:

i) confirm WPI–polysaccharide complex formation

ii) determine the charge at the oil droplet surface in the W1/O/W2 emulsions

To determine the ζ-potential of WPI, GA, Chi and WPI–CMC, WPI–GA, WPI–
Chi complexes in solution, pH was adjusted to different values (Table 3.1) and
samples were centrifuged at 1000 G for 30 min to remove impurities. After that,
the ζ-potential distribution of each of them was measured.

For measuring the ζ-potential of double emulsions, freshly prepared emulsions
were diluted ten times with acetic solution, keeping the emulsion pH constant.
Each emulsion was divided into four aliquots and the pH of the W2-phase of three
of them was gradually changed; from the original emulsion pH to pH values of
3, 5 and 7. One aliquot was kept at its original pH. After that, the ζ-potential
distribution of each of them was measured. All reported ζ-potential values are an
average of six measurements and were calculated by the Smoluchowski equation.
All measured ζ-potential distributions were monomodal.

Production of double emulsions by premix ME

Table 3.2 shows the composition of the W1/O/W2 emulsions. To produce the
W1/O/W2 emulsions, first a single W1/O emulsion was produced by adding 15 g
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of W1 into 35 g of oil and emulsifying it with a rotor-stator homogenizer (Ultra
Turrax, IKA R© T18 basic) at 11,000 rpm for 5 min. At these conditions we obtained
a monodisperse W1/O emulsion with a d4,3 of 2.6 µm and 1.0 of span factor.

Double W1/O/W2 emulsions were produced by a two-step emulsification. First
40 g of W1/O was added to 160 g of W2, containing one of the four hydrophilic
emulsifiers (Table 3.1), and were mixed by a magnetic stirrer at 1600 rpm for
5 min. Secondly, the coarse emulsion (cycle 0) was loaded into a High-speed mini
kit (SPG Technology Co., Japan) equipped with a hydrophilic Shirasu porous
glass (SPG) membrane of 10 µm pore size (membrane dimensions were 125 mm
× 10 mm × 0.8 mm) (SPG Technology Co., Japan). The coarse emulsion was
forced through the membrane with nitrogen gas and the applied transmembrane
pressure (∆Ptm) was adjusted for each emulsion (see Table 3.1). This procedure
was performed up to 3 times, from cycle 1 to 3, to progressively reduce the mean
droplet size and droplet dispersion. After use, SPG membranes were successively
cleaned by sonication in acetone for 15 min and kept in acetone for several days,
subsequently the membrane was dried in an oven at 500◦C for 30 min. Before
reuse, the membrane was washed again with distilled water while sonicating for
15 min.

After emulsification, each emulsion was divided into four aliquots and the pH of
the W2-phase of three of them was gradually changed, from the original emulsion
pH to pH values of 3, 5 and 7. One aliquot was kept at its original pH, from
here on called double emulsion original pH. All four emulsions were prepared in
duplicate.

Creaming rate and serum layer thickness

Creaming stability measurements of W1/O/W2 emulsions were carried out using

a Turbiscan Lab
TM

Expert (Formulaction, France). The Turbiscan Lab
TM

Expert
transmits light (880 nm) and measures the amount of light which passes through
(transmission) and which is reflected (backscattering) over the full height of a glass
tube. Backscattering (BS) profiles were taken from approximately 20 mL every
5 min for 6 – 72 h of at least two freshly prepared double emulsions. Creaming
rate, defined as the vertical velocity of the emulsion droplets front, was calculated
from the BS profiles and expressed in mm h−1. The serum layer thickness was the
second parameter related to creaming stability that was measured. From the ini-
tial upward movement of the W1/O droplets, emulsions separated into an optically
opaque “cream” layer at the top and a transparent (or turbid) “serum” layer at
the bottom. After the creaming velocity was zero according to Turbiscan measure-
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ments, the height of serum and emulsion layers was measured from backscattering,
at these conditions the serum layer percentage was calculated as:

serum =
Hs

He
× 100 (3.1)

where Hs is the height of the serum layer and He is the total height of the
emulsion (Surh et al., 2007). Each determination was performed in duplicate.

Droplet size distribution of emulsions

The droplet size distribution of W1/O/W2 emulsions was measured after every
emulsification step and after 0, 3, 7, 10 and 14 days of storage at several pH
environments: 3, 5, 7 and the original pH of each emulsion. Measurements were
done by laser light scattering (Mastersizer 2000, Malvern Instruments). Distilled
water was used as continuous phase, stirring speed was set at 1400 rpm, and laser
obscuration was between 10 and 15%. The refractive indices applied were 1.33 for
distilled water and 1.46 for the W1/O droplets, at 25◦C. The angular scattering
intensity data was then analyzed, using the Mie theory of light scattering, to
calculate the size of the droplets responsible for creating the scattering pattern.
Mean droplet size and droplet dispersion were calculated as the volume-weighted
mean diameter (d4,3) and the relative span factor (span). Each determination was
performed in triplicate.

Emulsion structure

Optical microscopy (Leica DM 2500) was used to visualize the structure of the
W1/O/W2 emulsions at day 0 and after 14 days of storage at their original pH.

Determination of total procyanidin content at outer water phase

Procyanidin content in the W2-phase was determined spectroscopically with the
Folin-Ciocalteu’s method (Singleton and Rossi, 1965). A 1.5 mL aliquot was cen-
trifuged (Biocen 22R, rotor RT 223, Orto Alresa) at 15 G to separate W2 phase
from W1/O phase and 50 µL of W2 phase was diluted in 25 mL of distilled water.
Centrifugation conditions were setup to minimize coalescence and the further es-
cape of W1. A sample of 1.5 mL was mixed with 20 µL of Folin-Ciocalteu’s reagent
and 20 µL of 30% NaOH solution. After 5 min, absorbance was measured spec-
troscopically (DR 5000 Hach Lange) at 660 nm. Concentration of procyanidins
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was determined from a calibration curve with Gallic Acid 1-hydrate (Panreac) as
standard. Each determination was performed in triplicate.

Encapsulation of procyanidins at production

Encapsulation of procyanidins during production was expressed as the mass of pro-
cyanidins that remained encapsulated within the W1 droplets over the total mass
of procyanidins initially introduced in the inner water phase. It was assumed that,
during the production of the double emulsions, the procyanidins mainly escape
through the loss of inner water droplets (Vladisavljević et al., 2006b). Therefore
encapsulation can be expressed as:

EEemulsion

100
=
m0
p,W1

−mn
p,W2

m0
p,W1

=
m0
W1

+m0
W2

−mn
W2

m0
W1

(3.2)

where m0
p,W1

is the initial procyanidin mass in the inner water phase, mn
p,W2

the

procyanidin mass in the outer water phase after nth cycle of premix ME, m0
W1

the
initial mass of the inner water phase, m0

W2
the initial mass of the outer water phase,

and mn
W2

the mass of the outer water phase after nth cycle. The concentration of
procyanidins that is measured in the outer water phase can be calculated as:

mn
p,W2

= Cnp,W2

(
m0
W1

(
1 − EEemulsion

100

)
+m0

W2

)
(3.3)

where Cnp,W2
is the concentration of procyanidins in the outer water phase

which was determined by Folin-Ciocalteu’s reagent. Substitution of Equation 3.3
into 3.2 gives:

EEemulsion =
m0
p,W1

− Cnp,W2

(
m0
W1

+m0
W2

)
m0
p,W1

− Cnp,W2
m0
W1

× 100 (3.4)

Kinetics of procyanidin release

Release of procyanidins was determined in freshly produced emulsions and during
storage for 14 days at several pH environments: 3, 5, 7 and the original pH.
Through storage, a different mechanism is assumed to control procyanidin release
than during production. While during production, procyanidin mainly escapes
through losses of W1, release of the inner water phase W1 can be considered
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negligible during storage (results shown in section 3.3.4 confirm this assumption).
Therefore release of procyanidins during storage was expressed as:

R =
Ctp,W2

×mW2

mp,W1+2

(3.5)

where Ctp,W2
is the concentration of procyanidins at time t, mW2

is the mass of
the W2 phase, and mp,W1+2

is the total mass of procyanidins in both water phases.
In the remainder of this study, we express fraction R as percentage released after
production:

release =
R−R0

1 −R0
× 100 (3.6)

where R0 is the procyanidin fraction already released at day 0 due to the
production of the double emulsion. The model proposed by Higuchi (1961) and
used by other authors to model the release of entrapped compounds in double
emulsions (Jiménez-Alvarado et al., 2009, Lutz et al., 2009) was applied to the
procyanidin release at different environmental pH. The progress of procyanidin
concentration over storage time was fitted to Higuchi’s model:

Ctp,W2
= KHt

0.5 (3.7)

where KH (µg mL−1min−0.5) is the release rate constant of the procyanidin
from the double emulsion. The obtained kinetic parameters were analyzed using
one-way analysis of variance (ANOVA) followed by protected Fisher’s LSD method
to establish the significance of differences among the mean values at p< 0.05.

3.3 Results and discussion

3.3.1 Hydrophilic emulsifiers to stabilize the oil-water inter-
face

WPI and soluble WPI–polysaccharide complexes were used to stabilize the O–W2

interface of double emulsions. The ability of WPI–polysaccharide complexes to
form thicker and, possibly, denser nanolayers than WPI at the O–W2 interface
would increase the encapsulation efficiency of emulsions entrapping a bioactive
compound in the disperse phase. Prior to use those complexes, the conditions
(mainly pH and WPI to polysaccharide mass ratio) at which WPI together with
gum Arabic (GA) or chitosan (Chi) form soluble electrostatic complexes were set
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Figure 3.1: State diagram of (a) WPI/GA and (b) WPI/Chi system in aqueous so-
lution at a constant WPI concentration of 0.5%wt. Values show light
transmission (T [%]) through the liquid phase. Color shading indicate
transmission, the two phase region is delimited by the ( ) area.

from the state diagram of each WPI–polysaccharide system. Figure 3.1 shows the
state diagrams of WPI/GA and WPI/Chi in acetic solution at 0.5%wt WPI. In
each state diagram it was possible to identify a liquid phase region (containing
co-soluble polymers and soluble complexes) and a two-phase region made of an in-
soluble precipitate and a clear liquid phase (Dickinson, 2008, Sperber et al., 2009).
By measuring the turbidity of the liquid phase region in terms of transmission
data, the ranges of pH and WPI:polysaccharide ratio that lead to the formation
of soluble complexes were identified. At those conditions milky solutions with
low transmission values (0 – 30%) indicated formation of soluble complexes. The
WPI:polysaccharide ratio and pH value of WPI–GA and WPI–Chi soluble com-
plexes used as hydrophilic emulsifiers in the W1/O/W2 emulsions are summarized
in Table 3.1. Regarding WPI–CMC complex, the conditions for complex formu-
lation were obtained from Chapter 2. Furthermore, we checked the transmission
of the polysaccharide in acetic solution over pH range 3 – 6, where GA gave a
transmission> 88% and Chi a transmission> 81%.
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Figure 3.2: ζ-potential measurement of (a) 0.5%wt WPI ( ), 0.5%wt GA ( ), and
0.5%wt WPI – 0.5%wt GA ( ) dissolved in acetic solution at pH 4.8, and
(b) 0.5%wt WPI ( ), 0.05%wt Chi ( ), and 0.5%wt WPI – 0.05%wt
Chi ( ) dissolved in acetic solution at pH 5.4.

To confirm complex formation, ζ-potential measurements were conducted. Fig-
ure 3.2 shows the ζ-potential distribution of solutions containing WPI, GA, Chi
and their corresponding complexes: 0.5%wt WPI – 0.5%wt GA and 0.5%wt WPI –
0.05%wt Chi. The values of pH and ionic strength in all solutions were the same as
those used in W2 to stabilize W1/O/W2 emulsions (Table 3.1). The monomodal
dispersions obtained with both complexes indicate that they were truly formed,
showing ζ-potential values of WPI–GA at pH 4.8 and WPI–Chi at pH 5.4 of
– 13.2 mV and +16.2 mV, respectively. In both cases the ζ-potential value of the
complex was in between that of WPI and the corresponding polysaccharide.

Surface Plasmon Resonance imaging (SPRi) was used to study the mass and
interfacial thickness of WPI–GA and WPI–Chi adsorbed to a hydrophobic inter-
face that mimics an O–W interface in a real emulsion. Hydrophilic emulsifiers
studied were 0.5%wt WPI – 0.5%wt GA at pH 4.8 and 0.5%wt WPI – 0.05%wt Chi
at pH 5.4 (Table 3.2). Figure 3.3 shows the progress of mass adsorption and mass
desorption of the hydrophilic emulsifiers over time. After injection, both WPI–
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Figure 3.3: Progress of the adsorbed amount of hydrophilic emulsifier measured by
SPRi after applying 0.5%wt WPI – 0.5% GA ( ) and 0.5%wt WPI –
0.05% Chi ( ).

GA and WPI–Chi directly adsorbs to a large extend to the hydrophobic interface.
During desorption, non-adsorbed hydrophilic emulsifier is removed by acetic solu-
tion (running buffer). The final adsorbed mass of WPI–GA and WPI–Chi was 268
and 464 ng cm−2, respectively. Data on the thickness of the adsorbed WPI–GA
and WPI–Chi was obtained from the difference of reflection of the prism surface
at varying laser incident angles before and after adsorption, as in Chapter 2. In-
terfacial thickness of WPI–GA and WPI–Chi was 3.9 and 4.2 nm, respectively.
Table 3.3 shows the mass, thickness and density of the WPI and WPI–CMC lay-
ers, as found in Chapter 2 and of the WPI–GA and WPI–Chi layers. According to
these results, WPI–polysaccharide complexes were able to build up a thicker but
less dense interfacial structure than WPI.

3.3.2 Emulsion properties during premix ME

To produce the W1/O/W2 emulsions, single W1/O emulsions with a d4,3 of 2.6 µm
and span factor of 1.0 were dispersed in the continuous W2 phase, first by mecha-
nical stirring and second by repeated premix ME. The reduction in size and span
of the outer droplets with the number of premix cycles can be seen in Figures 3.4a
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Table 3.3: Mass adsorption, thickness and density of four interfacial structures to a
hydrophobic surface by SPRi. Where 0.5%wt WPI and 0.5%wt WPI –
0.25%wt CMC were measured in Chapter 2 under the same conditions.

hydrophilic emulsifier pH mass thickness density
[-] [ng cm−2] [nm] [g cm−3]

0.5%wt WPI 3.8 155 0.6 2.59
0.5%wt WPI – 0.25%wt CMC 3.8 308 2.2 1.40
0.5%wt WPI – 0.50%wt GA 4.8 268 3.9 0.69
0.5%wt WPI – 0.05%wt Chi 5.4 464 4.2 1.10

and 3.4b. Regardless of the hydrophilic emulsifier considered, a very drastic de-
crease in d4,3 was observed in the first cycle, from about 240 µm to 10 – 25 µm.
From cycle 1, all emulsions showed a slight but significant reduction in d4,3 with
each emulsification cycle, except for those stabilized with WPI–Chi that kept a
constant droplet size from the first pass and showed a small decrease in span with
each cycle. Regarding WPI–CMC stabilized emulsions, we observed high span
values after the first cycle that drastically reduced from cycle two. They may be
caused by fluctuations in pressure during the premix ME that can lead to high
droplet size dispersion due to different extent of droplet break-up. High pres-
sures as the ones required by WPI–CMC stabilized emulsions (Table 3.1) are more
prone to fluctuations. Repeated premix ME reduces this effect and leads to nar-
row droplet size distributions. Although final values of d4,3 and span (Table 3.4)
did not show major differences between emulsions stabilized with WPI and those
stabilized with WPI–polysaccharide complexes, with droplet sizes around 10 µm,
lower dispersion in droplet size was found in emulsions with WPI–Chi. In addition,
emulsions stabilized with WPI–GA were more polydisperse than WPI stabilized
emulsions.

In terms of encapsulation of procyanidins (Figure 3.4c), we observed that it was
reduced from 88 – 96% in coarse emulsions (cycle 0) to 70 – 83% after 3 cycles of
premix although most of this reduction occurred during the first cycle. Besides the
clear effect of droplet size reduction on encapsulation of procyanidins, the mean
size of the outer droplets decreased in much higher extent than the encapsulation
did. Droplet size decreased from approximately 240 to 8.2, 9.0, 9.7 and 11.8 µm for
emulsions stabilized with WPI–CMC, WPI–Chi, WPI and WPI–GA, respectively.
Nevertheless a reduction of 16% was observed in the encapsulation of procyanidins
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Figure 3.4: (a) Droplet sizes (d4,3), (b) droplet size dispersion (span) and (c) pro-
cyanidin encapsulation; for WPI (p), WPI–CMC (u), WPI–GA (q),
and WPI–Chi (

v
) emulsions, during the emulsification process from cy-

cle 0 (coarse emulsion) to cycle 3.
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during premix ME (from cycle 0 – 3) of emulsions stabilized with WPI, WPI–CMC
and WPI–GA while those stabilized with WPI–Chi showed a higher reduction of
24%. Similar results were reported by Vladisavljević et al. (2006b) who suggested
the volume fractions of inner and outer droplets, viscosity of the continuous phase,
transmembrane pressure and the ratio of membrane pore size to inner droplet
size determine the final stability of W1/O/W2 emulsions. According to this, an
inner droplet fraction of 0.3 and a membrane pore size (10 µm) more than twice
the diameter of the inner droplets (2.6 µm) are feasible operating conditions that
would lead to stable emulsions with an encapsulation efficiency in the range of that
obtained by Vladisavljević et al. (2006b).

Comparing the results obtained with WPI and the three WPI–polysaccharide
complexes, no important differences in encapsulation of procyanidins were observed
among them. The interfacial tension of O–W2 and the continuous phase (W2) vis-
cosity were determined by the type and concentration of the hydrophilic emulsifier.
In the case of WPI–CMC, it significantly increased the W2 phase viscosity, requir-
ing a much higher transmembrane pressure during premix ME (Table 3.1).

Table 3.4: Properties of freshly produced double emulsions encapsulating procyani-
dins, stabilized by various hydrophilic emulsifiers at original pH after premix
ME (cycle 3). Mean and standard deviation of droplet size distribution,
encapsulation efficiency and creaming stability measurements.

Encap- serum creaming
d4,3 span sulation thickness rate
[µm] [–] [%] [%] [mm h−1]

WPI 9.7 ± 0.0 0.8 ± 0.0 74 ± 2 54 ± 1 1.9 ± 0.1
WPI–CMC 8.2 ± 0.2 1.0 ± 0.0 80 ± 7 45 ± 3 0.4 ± 0.1
WPI–GA 11.8 ± 0.3 1.2 ± 0.0 78 ± 1 45 ± 0 22.6 ± 2.7
WPI–Chi 9.0 ± 0.0 0.8 ± 0.0 72 ± 2 44 ± 3 0.8 ± 0.0

3.3.3 Stability of freshly produced emulsions

To study how the composition of the O–W2 interface affects the physical stability
of fresh W1/O/W2 emulsions, creaming of the emulsions was monitored during 6 –
72 hours after the emulsification process. Table 3.4 shows that the creaming rate
of emulsions stabilized with WPI–CMC and WPI–Chi was much lower than those
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of WPI stabilized emulsions while an exceptionally high creaming rate was found
for double emulsions stabilized by WPI–GA. Creaming depends on the viscosity
of the emulsion, difference in phase densities and the radii of the droplets (r5)
according to Stoke’s law for polydisperse systems (Lutz and Aserin, 2007). The
viscosity of double emulsions, in turn is governed by the nature and behavior of
the biopolymers in the continuous phase solutions, the arrangement of biopolymers
at the interface and the water concentration in the continuous phase solution. In
our case, the similar microstructure and d4,3 of W1/O/W2 emulsions at day 0 and
after 14 days of storage (Figures 3.4 and 3.8) seem to indicate that no significant
water transport between inner and outer phases occurred, meaning that W1 and
W2 concentrations kept constant in all the emulsions. According to this, the lower
creaming velocities found in emulsions stabilized with WPI–CMC and WPI–Chi
can be explained by differences in the W2 viscosity. Although we do not have values
of continuous phase viscosity, CMC imposed a significant increase that resulted in
higher transmembrane pressures to make the W1/O/W2 emulsions flow through
the SPG membrane (Table 3.1).

To better understand the differences in creaming rate observed among the
several emulsions, we determined the ζ-potential of freshly produced emulsions
(Figure 3.5a). At the original pH, the absolute values of ζ-potential were above
15 mV, with droplets positively charged when stabilized with WPI or WPI–Chi,
while negatively charged in WPI–CMC and WPI–GA stabilized emulsions. Al-
though those surface charges and the interfacial thickness (Table 3.3) suggest that
electrostatic repulsion and steric hindrance should be able to keep the emulsion
stable, it was not the case for WPI–GA emulsions. Probably, droplet interface was
not totally covered by the oppositely charged polymer (McClements, 2005, Yuan
et al., 2013) and, by bridge flocculation, droplets stuck together, increasing the
effective size and accelerating creaming.

Regarding the serum layer, Table 3.4 shows that the layer formed by double
emulsions stabilized by WPI was thicker (54%) than that of the double emul-
sions stabilized with a WPI–polysaccharide complex (44 – 45%). To explain
these results, not only the higher viscosity of the emulsions stabilized by WPI–
polysaccharide complexes but also their capacity to retain more water between
the O–W2 droplet interfaces, should be considered. SPRi results confirm that the
interfacial layer made of WPI–polysaccharide complexes was much thicker than
that of WPI.

Figure 3.5a shows how the environmental pH influences the surface charges of
the droplets according to the interfacial composition in double emulsions freshly
prepared. Double emulsions stabilized with WPI–CMC and WPI–GA at pH 3, and
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Figure 3.5: ζ-potential measurements of (a) double emulsions stable at t = 0, stabi-
lized by 1%wt WPI (p), 0.5% WPI – 0.25% CMC (u), 0.5% WPI – 0.5%
GA (q), and 0.5% WPI – 0.05% Chi (

v
) at various pH (b) complexes

of 0.5%wt WPI – 0.25%wt CMC ( ), 0.5%wt WPI – 0.5%wt GA ( ),
and 0.5%wt WPI – 0.05%wt Chi ( ) dissolved in acetic acid solution for
conditions where double emulsions are unstable at t = 0.

with WPI–Chi at pH 7 showed droplet coalescence right after preparation and later
phase separation. Measurements of the ζ-potential of these WPI–polysaccharide
complexes in solution at each particular pH (Figure 3.5b) showed values close to
zero. At these conditions, low repulsive forces between the interface of neighboring
emulsions droplets lead to droplet aggregation and subsequently to instabilities
such as coalescence.

3.3.4 Emulsion stability during storage

Figure 3.6 shows the progress of d4,3 and span factor during 14 days of storage at
several pH environments, that is, 3, 5, 7 and the original pH (see Table 3.1). At
original pH, all W1/O/W2 emulsions were stable over time except those stabilized
with WPI–GA, which showed a higher increase in droplet size and dispersion dur-
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Figure 3.6: Droplet size (d4,3) (a–d) and droplet dispersion (span) (e–h) measure-
ments over time at (a,e) original pH, (b,f) pH 3, (c,g) pH 5, and (d,h)
pH 7; of WPI (p), WPI-CMC (u), WPI-GA (q), and WPI-Chi (

v
)

stabilized double emulsions.
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ing storage. As aforementioned, bridge flocculation would explain the instability
of WPI–GA stabilized emulsions, already observed in freshly produced emulsions
which showed a very high creaming rate. When using WPI complexed to anionic
polysaccharides (CMC and GA), d4,3 and span did not significantly change during
storage at pH values of 5 and 7. Emulsions stabilized by WPI–CMC and WPI–GA
at pH 3 directly broke up at day 0, showing phase separation after few days, this
instability can be explained by the low repulsive forces between the droplets as
ζ-potential of the hydrophilic emulsifier is near zero (Figure 3.5b). Furthermore,
the state diagram of WPI–GA (Figure 3.1a) shows that when reducing the pH
from 4.8 to 3, the solution goes through the 2 phase region where WPI and GA
form an insoluble complex with poor properties as emulsifier. At those conditions,
droplet interactions are expected to take place through bridging, due to simul-
taneous interactions of polysaccharide molecules with the surface of two or more
neighboring droplets. At higher pH values, the electrostatic interactions respon-
sible for WPI–GA complex seem not to be substantially modified by the increase
in the negative charge of WPI, as the minor changes in droplet size distribution
show.

A different behavior was observed in W1/O/W2 emulsions stabilized with WPI–
Chi complex, in which Chi is a cationic polymer: at pH 7 emulsions directly broke
up at day 0, showing phase separation after few days. The neutral interfacial charge
of the hydrophilic emulsifier (Figure 3.5b) appears to be the cause of emulsion in-
stability. Furthermore, the state diagram of WPI–Chi (Figure 3.1b) shows that
when increasing the pH from 5.4 to 7, the solution goes through the 2 phase region
where WPI and Chi form an insoluble complex with poor emulsifier properties.
At pH 5, the monodisperse WPI–Chi emulsions (span factor about 0.8) kept their
properties over time, while a decrease of pH to 3 led to a fast increase in d4,3 and
span during storage. The emulsion instability at pH< 5 would be caused by a net
repulsive effect between adsorbed WPI and Chi from aqueous phase, both having
a net positive charge. According to Figure 3.1b no soluble complexes are formed
(Transmission> 81%), consequently, non-adsorbed Chi would favor depletion floc-
culation leading to a decrease in stability during storage (Laplante et al., 2005b).
At pH values between 5 and 5.4 the higher emulsion stability is explained by
the predominance of electro-attractive forces (electrostatic complexation) between
adsorbed WPI proteins (negatively charged at a pH value above the isoelectric
point) and Chi (positively charged) that lead to the complex formation. In ad-
dition, emulsion droplets were positively charged, with ζ-potential values of +30
and +22 mV at pH of 5 and 5.4, respectively, suggesting electrostatic repulsion as
a mechanism for emulsion stabilization.
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Figure 3.7: procyanidin release over time (release [%]) fitted with Higuchi’s model
(KHt

0.5) measurements over time at (a) original pH, (b) pH 5, and (c)
pH 7; of WPI (p), WPI-CMC (u), WPI-GA (q), and WPI-Chi (

v
)

stabilized double emulsions.
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3.3.5 Kinetics of procyanidin release

To determine how the type of hydrophilic emulsifier affected the encapsulating ca-
pacity of W1/O/W2 emulsions, we determined procyanidin release during 14 days
of storage at different pH conditions (Figure 3.7). To minimize the contribution of
the osmotic imbalance to procyanidin release and water transport, we adjusted the
composition of W1 and W2 (Table 3.2). The osmotic pressure values of W1 and
W2 were 121± 8 and 21± 8 mOsm kg−1, respectively. Considering a minor effect
of the Laplace pressure from the curvature of the droplets, the osmotic pressure
gradient between W1 and W2 was 100± 11 mOsm kg−1. According to previous
studies about the role of the osmotic gradient in water transport and release of
entrapped compounds (Bjerregaard et al., 1999, Wen and Papadopoulos, 2001),
significant changes in droplet size distribution and rate of drug release occurred
at osmotic pressure gradients one order of magnitude higher than those measured
in the emulsions considered in the present work. Additionally, the emulsion mi-
crostructure after 14 days of storage (Figure 3.8) with no significant changes on
W1 droplets supports a negligible impact of the low osmotic imbalance on water
transport.

The release of entrapped compounds from the inner phase of double emulsions
is known to occur by three different mechanisms (Lutz et al., 2009):

i) rupture or ‘break-down’ of the double emulsion by swelling or under shear and
the resulting leaking of the inner phase content into the outer phase

ii) ‘thinning the liquid film’ between the internal droplets and the outer interface
followed by its rupture

iii) ‘diffusion’, through which the double emulsions remain intact but the en-
trapped compounds cross a very thin lamella either by diffusion of the emul-
sifier or by reverse micelle transport.

If the mechanisms of ‘break-down’ or ‘thinning the liquid film’ were involved, a
decrease in the outer droplet size would be expected that had to be reflected also in
the microscopic images showing empty droplets. In Figure 3.8, it can be seen how
all W1/O/W2 emulsions show visible inner water droplets after 14 days of storage,
while d4,3 of the outer droplets did not decrease nor increase substantially over
time for any of the emulsions investigated (Figure 3.6). Based on these results, we
concluded that the procyanidin release is diffusion controlled and, therefore, used
Higuchi’s model to describe procyanidin release. The progress of procyanidin con-
tent in W2 was fitted to Equation 3.7 and the release rate constant was calculated
for each emulsion and storage pH (Table 3.5).
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day 0 day 14

WPI

WPI–CMC

WPI–GA

WPI–Chi

Figure 3.8: Microscopic images of double emulsions at day 0 and after 14 days of
storage for the 4 different hydrophilic emulsifiers.
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Table 3.5: Release rate constants (KH mean and standard deviation in
[µg mL−1min−0.5]) of double emulsions stabilized with WPI, WPI–CMC,
WPI–GA, and WPI–Chi obtained from release data over 14 days of stor-
age at original pH, pH 5, and pH 7, fitted with Higuchi’s model (KHt

0.5).
Values with a different letter (a–d) with the same pH are significantly
different (p< 0.05). Values with a different letter (x–z) with the same
hydrophilic emulsifier are significantly different (p< 0.05).

original pH pH 5 pH 7

KH R2 pH KH R2 KH R2

WPI 7.8 ± 1.0az 0.8 3.8 5.0 ± 1.0ax 0.6 6.3 ± 1.0ay 0.7
WPI–CMC 11.3 ± 2.0bx 0.7 3.8 10.5 ± 0.8bx 0.9 10.6 ± 1.0bx 0.9
WPI–GA 9.2 ± 1.4cx 0.7 4.8 8.8 ± 1.0cx 0.8 8.5 ± 1.6cx 0.7
WPI–Chi 6.9 ± 0.8dy 0.7 5.4 5.6 ± 0.7dx 0.7

Although relatively low correlation coefficients (R2 values between 0.6 and
0.9) have been found mainly because of the dispersion in experimental data,
Higuchi’s model seemed to describe well the release of procyanidins. To sup-
port this, we should take into account that emulsions stabilized with a particular
emulsifier, i.e. WPI–CMC or WPI–GA, showed no significant differences in the
release rate constants regardless of the storage pH. Contrary, significant differ-
ences in the release rate constants were found among emulsions stabilized by the
three WPI–polysaccharide emulsifiers (WPI stabilized double emulsions will be
discussed later). WPI–CMC, independently of pH, gave significantly the highest
release rate constant with values from 10.5 to 11.3 µg mL−1min−0.5, followed by
WPI–GA with a release rate constant between 8.5 and 9.2 µg mL−1min−0.5. WPI–
Chi stabilized double emulsions showed the lowest release rate constants, 5.6 and
6.9 µg mL−1min−0.5. Jiménez-Alvarado et al. (2009) used the same model to study
the release of ferrous bisglycinate from double emulsions stabilized with whey pro-
tein concentrate complexed to gum Arabic, mesquite gum, and low methyl pectin.
They found release rate constants between 90 and 450 µg mL−1min−0.5, that is
one or two order of magnitude higher than those found in the present emulsions.
Release rate clearly depends, among other factors, on the encapsulated addenda:
small molecules (such as ferrous bisglycinate) show higher diffusion coefficients
than larger molecules (such as the trimers up to pentamers mainly present in the
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encapsulated procyanidin extract). Furthermore, droplet sizes and dispersion play
a large role, large droplets have lower surface area and thus lower release rates.

In the case of emulsions stabilized with WPI–polysaccharide complexes, the
obtained release rate constants correlate with the thickness of the interfacial layer
determined in SPRi measurements (Table 3.3): thicker interfacial layers led to
lower release rate constants. These results support the assumption that diffu-
sion is the main mechanism controlling procyanidin release, and confirm the use
of WPI–polysaccharide complexes to obtain thicker interfacial layers as an effec-
tive strategy to better retain hydrophilic compounds in the inner water phase of
W1/O/W2 emulsions. Among the different WPI–polysaccharide complexes investi-
gated, WPI–Chi stabilized double emulsions showed the best performance in terms
of emulsion stability and their capacity to reduce the release rate of procyanidins
at a certain pH range.

The release rate of double emulsions stabilized with single WPI at pH 3.8.
followed a different pattern: they show a relatively low value of the release rate
constant (5.0 – 7.8 µg mL−1min−0.5), while having the thinnest layer compared
to WPI–polysaccharides. For these emulsions, interactions between the entrapped
procyanidins and WPI of the interfacial layer could explain their capacity to en-
trap procyanidins with a thinner interface. According to several authors, procyani-
dins spontaneously bind different kind of globular proteins, such as α-lactalbumin,
lysozyme, bovine serum albumin, lysozyme, and WPI (Prigent et al., 2009, Liang
et al., 2013, Thongkaew et al., 2014). Polysaccharides like GA and pectin, in con-
trast, have been found to prevent the association of proteins with procyanidins,
what would suggest that interfaces made of WPI–polysaccharides would not bind
procyanidins at the same extent as single WPI interfaces could do (Liang et al.,
2013, Thongkaew et al., 2014). Further research on how the interfacial properties
influence the kinetics of procyanidins release should be investigated in order to
design systems of encapsulation adapted to each particular application.

3.4 Conclusions

Premix membrane emulsification enabled to produce procyanidin-loaded
W1/O/W2 emulsions with narrow droplet size distributions, stabilized with sev-
eral WPI–polysaccharide soluble complexes, such as, WPI–CMC, WPI–GA and
WPI–Chi. The encapsulation of procyanidins was at least 70% at the end of the
emulsification process for all the systems considered. This encapsulation decreased
with each premix ME cycle, mainly linked to the escape of the inner W1 phase
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as a result of the break-up of W1/O droplets. Even though no important differ-
ences in the procyanidin encapsulation were observed among emulsions stabilized
with WPI–polysaccharide complexes, data about the shear stress in the membrane
pores would help to better determine the effect of those on the break-out of inner
W1 droplet.

Stability of W1/O/W2 emulsions, encompassing creaming rate, droplet size
distribution and procyanidin release during storage, was affected by the type of
WPI–polysaccharide complex used as emulsifier. In the case of creaming rate,
the viscosity imposed by each WPI–polysaccharide complex to the W2 phase was
a parameter to consider. The progress of the droplet size distribution during
storage, in turn, was affected by pH, due to its influence on the surface charge of
emulsion droplets as well as on the interactions between WPI and each polysaccha-
ride. Hence, different windows of pH values, in which emulsions kept droplet size
distribution stable, were identified for each WPI–polysaccharide complex. Fur-
thermore, release rate constants during 14 days of storage ranged from 5.6 to
11.3 µg mL−1min−0.5 and depended more on the type of hydrophilic emulsifier
than on pH environment. When the release rate constants were related to the
thickness of the interfacial layer made of WPI–polysaccharides obtained by SPRi
measurements, we observed that thicker layers led to lower release rates. Fur-
ther research on the relationship between the properties of tailor-made interfaces
with the diffusion of entrapped bioactive compounds is required to optimize each
particular application of W1/O/W2 emulsions as encapsulating systems.
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4
Spray dried water-in-oil-in-water emulsions

containing procyanidin-rich extracts

This chapter has been submitted as:

Rikkert Berendsen, Carme Güell, Montserrat Ferrando, Spray dried double emul-
sions containing procyanidin-rich extracts: Effect of premix membrane emulsifica-
tion and interfacial properties of the emulsion, Food Chemistry
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Abstract

Spray drying of procyanidin-loaded W1/O/W2

emulsions produced by premix membrane emulsifi-
cation (ME) enabled to produce microcapsules con-
taining procyanidins. The interface of the emulsion
droplets prior to spray drying was stabilized with
several hydrophilic emulsifiers (whey protein (WPI),
WPI–Carboxylmethyl cellulose, WPI–Gum Arabic,
and WPI–Chitosan). Their effect on procyanidin en-
capsulation efficiency, water activity, moisture and
oil content, and microcapsule size distribution was
investigated. Furthermore, the microstructure and
droplet size distribution of redispersed microcap-
sules were analyzed.
Although premix ME produced W1/O/W2 emul-
sions with a narrow droplet size distribution re-
gardless the hydrophilic emulsifier (mean droplet
size around 9 µm), microcapsules after spray dry-
ing and double emulsions after redispersion showed
profound differences in sizes depending on the inter-
facial composition. WPI–CMC stabilized capsules
not only showed the highest procyanidin content
but also gave the narrowest particle size distribution
with the lowest particle size for both microcapsules
and the corresponding emulsions after rehydration.
WPI–CMC complex was able to truly stabilize the
W1/O droplets during the different stages of micro-
capsule production but it moderately retained the
migration of procyanidins through the O–W2 inter-
face. The interfacial properties of W1/O/W2 emul-
sions strongly affected the particle size distribution
of both microcapsules and double emulsions after
rehydration.
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4.1 Introduction

Commercializing extracts rich in polyphenols from different sources such as grapes,
tea, apple, berries, pomegranate and so on, has become a trend in the food sector.
Water soluble grape seed extracts from grape, rich in procyanidins, i.e. oligomers
of (–)-epicatechin and (+)-catechin, are available as food ingredients. The numer-
ous scientific reports about the health benefits of a regular intake of foods rich
in procyanidins support the formulation of these ingredients in foods and bever-
ages (Shahidi and Naczk, 2003). Nevertheless, the effectiveness of those extracts
depends on preserving the stability, bioactivity, and bioavailability of the active
ingredients.

Entrapping a sensitive bioactive compound inside another material by micro-
encapsulation is a strategy to improve the stability of phenolic compounds (Fang
and Bhandari, 2010). The use of encapsulated polyphenols instead of their free
form can protect them from environmental factors such as temperature, oxygen,
light and pH and mask their off-flavors, such as astringent or bitter tastes. Water-
in-oil-in-water (W1/O/W2) emulsions are used as a carrier for hydrophilic bioactive
compounds by loading them in the inner water phase (W1). Frank et al. (2012) and
Hemar et al. (2010) have encapsulated anthocyanins and resveratrol from grapes
in double emulsions, respectively. However, the use of W1/O/W2 emulsions is not
yet widespread because of their low stability during storage compared to single
emulsions (O/W or W/O). Spray drying of double emulsions has been suggested
as an approach to improve the encapsulation of hydrophilic bioactive compounds
by:

• increasing storage stability as W1/O droplets are immobilized in a solid
continuous matrix and, therefore, droplet coalescence and the release of the
entrapped compound are limited

• gaining the convenience of powdered ingredients (Adachi et al., 2004,
Maisuthisakul and Gordon, 2012).

A possible disadvantage of the encapsulation system is the lower concentration
of the bioactive compound in the microcapsule, however, the unique protection
offered by the wall might compensate for this (Gouin, 2004).

The production of W1/O/W2 emulsions involves a two-step process: first, to
obtain a W1/O emulsion and second, to disperse the W1/O droplets in a W2

continuous phase. Emulsification techniques, such as colloid mills, rotor-stator
systems and high pressure homogenizers, that apply high shear stresses to pro-
mote droplet break-up, are often used to produce W1/O/W2 emulsions. Mem-
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brane emulsification (ME) has proven to be an interesting alternative because it
uses lower shear stresses than conventional emulsification technologies, being a key
factor to reduce the release of W1 droplets during the second emulsification step
(van der Graaf et al., 2005). Other reasons to use ME rely on its low energy con-
sumption, the good control of droplet size distribution, and the possibility to en-
capsulate heat sensitive compounds due to low mechanical stresses (Joscelyne and
Träg̊ardh, 2000). In premix ME, large emulsion droplets are pushed several times
through a microporous membrane where they break-up into smaller droplets (Nazir
et al., 2010). At pressures above the critical pressure, large emulsion droplets are
deformed and enter the membrane pores, due to wall shear stresses and droplet
collisions, the droplets leave the membrane having sizes around the pore size of
the membrane (Vladisavljević et al., 2004).

During the spray drying of double emulsions, W1/O/W2 emulsion and wall
material are mixed, fed into the spray dryer and atomized with a nozzle (Au-
gustin and Hemar, 2009). Drying of the atomized droplets leads to microcapsule
formation. Spray drying is used to encapsulate heat sensitive compounds as the
rapid water evaporation keeps the temperature of the core low. The retention of
the core material during spray drying relies on the physical and chemical proper-
ties of the wall and core material, the performance of hydrophilic emulsifiers (e.g.
film-forming ability) and the viscosity at high concentration of the wall materials
(Madene et al., 2006).

Regarding the film-forming properties of the hydrophilic emulsifiers, soluble
electrostatic protein–polysaccharides complexes are able to effectively adsorb on
oil-water (O–W) interfaces, often improving the stability of O/W emulsions when
compared to those stabilized with single proteins. The ability of those protein–
polysaccharide complexes to form composite interfacial structures has suggested
their use to enhance the capacity of emulsions for entrapping bioactive compounds
in the disperse phase (Dickinson, 2008, 2011b, McClements et al., 2009). In
terms of stability against environmental stresses, protein–polysaccharides com-
plexes seem to reduce the impact of thermal processing or drying on emulsion
stability, reducing the advers effects of the thermal treatment on the interfacial
layers surrounding the oil droplets. Some protein–polysaccharide complexes used
as emulsifiers are sodium caseinate–dextran sulfate (Jourdain et al., 2009), bovine
serum albumin–dextran sulfate (Dickinson and Semenova, 1992), whey protein–
carboxymethyl cellulose (Koupantsis and Kiosseoglou, 2009), whey protein–locust
bean gum and whey protein–xanthan gum (Benichou et al., 2003).

The aim of this Chapter was to encapsulate a commercial procyanidin-rich
extract in spray dried W1/O/W2 emulsions produced by premix ME. Besides, we
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determined how the emulsion properties affected the characteristics of the final
microcapsules, in terms of particle size distribution, encapsulation of procyanidins
and microstructure of the solid capsules. Special attention was paid to investigate
if the interfacial properties of the O/W2 emulsions affected the microstructure of
the redispersed microcapsules. To do so, whey protein isolate (WPI) and several
WPI–polysaccharide complexes were used as hydrophilic emulsifiers to stabilize
the O–W2 interface: WPI–carboxymethyl cellulose, WPI–gum Arabic and WPI–
chitosan. For producing the microcapsules, maltodextrin was the wall material
added to W1/O/W2 emulsions prior the spray drying step.

4.2 Material and Methods

4.2.1 Materials

Vitaflavan Pur’expert (Purexpert, France), a water soluble commercial grape seed
extract, with a reported total polyphenol content above 96% of which 22% are
monomers, 19% are dimers and 56% are trimers up to pentamers, was the source
of procyanidins encapsulated in the W1 phase of the double emulsions. Vitafla-
van was kindly provided by Quimidroga, S.A. Barcelona, Spain. The oil phase
of the emulsions (O) was composed of crude sunflower oil, kindly provided by
Cargill S.L.U. (Reus, Spain), and a 4%wt of polyglycerol polyricinoleate (PGPR)
(Palsgaard Denmark), a very effective hydrophobic emulsifier.

To obtain the several WPI–polysaccharide complexes that were used as hy-
drophilic emulsifiers in the W2 phase, solutions of WPI and each polysaccharide
were prepared separately. Solutions (2.0%wt) were obtained by dissolving in dis-
tilled water and stirring for 2 h the following compounds: whey protein isolate
(WPI) with a reported protein content of 98.1% on dry basis (BiPRO, lot no. JE
034-7-440-6, Davisco Foods International. Inc., Le Sueur, MN) and carboxymethyl
cellulose sodium salt (CMC) (code: 332611000, Acros Organics), with a Mw of
250,000 and a degree of substitution (DS) of 0.7, and gum Arabic (GA) from aca-
cia tree (SKU 69752, Sigma-Aldrich Quimica, S.L.). Solutions were kept overnight
at 7◦C.

A solution of 0.4%wt chitosan (Chi) of low molecular weight (SKU 448869,
Mw 150,000, Sigma-Aldrich) was obtained after dissolving and stirring, for 2 h at
room temperature, in acetic acid solution. Osmolality was adjusted by preparing
all solutions in 0.01 M acetic acid (acetic acid 96%, Panreac) and 0.02%wt sodium
azide (NaN3, Sigma-Aldrich), from here on called acetic solution. For preparing the
microcapsules, maltodextrin (SUK 419699, MD, Sigma-Aldrich), with a dextrose
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equivalent 16.5 – 19.5, was used as a wall material. A 75%wt MD solution was
obtained after dissolving and stirring, at room temperature, in acetic acid solution.

4.2.2 Methods

Preparation of the WPI–polysaccharide soluble complexes

Aqueous solutions containing 2%wt of WPI were combined with GA, CMC
or Chi solutions to obtain the soluble electrostatic complexes with the
WPI:polysaccharide mass ratio shown in Table 4.1. All mixtures were made in
acetic solution and the pH was adjusted for each WPI–polysaccharide complex
according to Table 4.1 (Benichou et al., 2003). Initial WPI and polysaccharide
solutions were transparent, upon mixing and pH change, mixtures became tur-
bid without phase separation, suggesting soluble complex formation. To confirm
the complex formation at those conditions of pH and WPI:polysaccharide mass
ratio, Laser Doppler micro-electrophoresis (Zetasizer Nano ZS, Malvern Instru-
ments), was used. To determine the ζ-potential of WPI, GA, Chi and WPI–CMC,
WPI–GA, WPI–Chi complexes in solution, pH was adjusted to different values
(Table 4.1) and samples were centrifuged at 1000 G for 30 min to remove impu-
rities. After that, the ζ-potential distribution of each of them was measured. All
reported ζ-potential values are an average of six measurements and were calcu-
lated by the Smoluchowski equation. All measured ζ-potential distributions were
monomodal, confirming that all WPI–polysacharide complexes were truly formed
(Table 4.1).

Table 4.1: Hydrophilic emulsifiers used to stabilize the O–W2 interface (composition,
pH, ζ-potential) and transmembrane pressure during premix ME

hydrophilic emulsifier pH ζ-potential ∆Ptm
[mV] [kPa]

WPI 1.0%wt WPI 3.8 +18.7± 5.1 175± 25
WPI–CMC 0.5%wt WPI – 0.25%wt CMC 3.8 – 24.3± 7.5 750± 50
WPI–GA 0.5%wt WPI – 0.50%wt GA 4.8 – 20.1± 4.4 250± 50
WPI–Chi 0.5%wt WPI – 0.05%wt Chi 5.4 +38.5± 5.0 300± 50
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Production of W1/O/W2 emulsions by premix ME

W1/O/W2 emulsions were produced by first preparing a water-in-oil (W1/O) emul-
sion that was subsequently dispersed in the outer water phase (W2). The primary
W1/O emulsion was obtained by initially mixing the inner water phase (15 g) with

the oil phase (35 g) by rotor-stator homogenization (Ultra Turrax, IKA
TM

T18 ba-
sic) at 11,000 rpm for 5 min. The inner water phase contained 10%wt vitaflavan
in 0.01 M acetic solution while the oil phase was crude sunflower oil with 4%wt
of PGPR (lipophilic emulsifier). At these conditions we obtained a monodisperse
W1/O emulsion with a d4,3 of 2.6 µm and a span factor of 1.0.

To finally disperse the (W1/O) emulsion in W2, we used a two-step emulsifica-
tion process. First, a coarse emulsion was prepared by adding 40 g of W1/O emul-
sion to 160 g of W2 phase containing 0.01 M acetic solution and a hydrophilic emul-
sifier (see Table 4.1). The system was mixed with a magnetic stirrer at 1600 rpm
for 5 min. Second, a fine dispersed emulsion was prepared by repeated premix ME.
The coarse emulsion was loaded into a high-speed mini kit (SPG Technology Co.,
Japan) equipped with a hydrophilic Shirasu porous glass (SPG, SPG Technology
Co., Japan) membrane of 10 µm pore size (membrane dimensions were 125 mm ×
10 mm × 0.8 mm) and forced through the membrane with nitrogen gas, adjusting
the transmembrane pressure for each emulsion (see Table 4.1). This procedure
was performed up to 3 times, from cycle 1 to 3, to progressively reduce the mean
droplet size and improve droplet size dispersion of the final double emulsion.

Finally, maltodextrin was added to W2 to obtain an oil phase to wall material
ratio of 1:3. To do so, 84 g of 75%wt maltodextrin water solution were added to
150 g of freshly prepared W1/O/W2 emulsion and gently stirred till homogeneously
mixed. The final composition of the double emulsions prior to spray drying is
shown in Table 4.2.

Table 4.2: Phase fractions of emulsions prior to spray drying, composition of each
phase fraction W1, Oil, W2, and wall material (wm). Acetic solution
contains 0.01 M acetic acid and 0.02%wt sodium azide.

fraction phase composition medium

3.8%wt W1 vitaflavan (10%wt) acetic solution
9.0%wt Oil PGPR (4%wt) crude sunflower oil

51.3%wt W2 hydrophilic emulsifier acetic solution
35.9%wt wm maltodextrin (75%wt) acetic solution
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Spray drying of double emulsions

The double emulsions were spray dried using a Mini Spray Dryer B-290 (Büchi
technology, Switzerland) that was equipped with a two fluid nozzle of 0.7 mm.
The operation conditions in the spray dryer were air inlet and outlet temperatures
of 170 and between 80 and 90◦C, respectively, and an emulsion flow rate of 8
– 15 mL min−1. Emulsions in the feed reservoir were gently stirred to ensure
homogeneity of the oil droplet distribution. The yielded dried powder was collected
from the cyclone and the recovery chamber, and was stored in airtight containers
with nitrogen gas as headspace. Experiments were performed in duplicate.

Microstructure imaging

The outer morphology of the microcapsules was characterized by electronic mi-
croscopy. An environmental scanning electron microscope (FEI Quanta 600
ESEM) was used to analyze the surface morphology of the dried powders. The
microcapsules were mounted on cylindrical stubs coated with conductive carbon
tape to study their outer morphology. Digital images were taken at an accelerating
voltage of 20 kV and magnification of ×900.

Optical microscopy (Leica DM 2500) was used to visualize the microcapsule
structure after redispersion in acetic solution.

Droplet and microcapsule size distribution

Size distribution of both emulsion droplets and microcapsules was measured by
laser diffraction (Mastersizer 2000, Malvern Instruments) supplemented with a Hy-
dro 2000SM or a Scirocco 2000 dispersion unit, respectively. To measure droplet
size distributions of: freshly prepared double emulsions (cycle 3) and redispersed
microcapsules, Hydro 2000SM dispersion unit was filled with distilled water as
continuous phase, stirring speed was set at 1400 rpm, and laser obscuration was
between 10 – 15%. Refractive index (RI) of both phases (W2 and W1/O) was mea-
sured by a refractometer (Digital Abbe Refractometer-WAY–1S, 315). The refrac-
tive indices applied were 1.33 for distilled water and 1.46 for the W1/O droplets,
at 25◦C. To determine the size distribution of microcapsules after spray drying,
Scirocco 2000 dispersion unit used a vibration feed rate of 50% and dispersive air
pressure of 1 bar.

The angular scattering intensity data was then analyzed, using the Mie theory
of light scattering, to calculate the size of the droplets or microcapsules responsible
for creating the scattering pattern. Mean droplet or particle size and dispersion
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were calculated as the volume-weighted mean diameter (d4,3) and the relative span
factor (span). Each determination was performed in triplicate and the data were
reported as averages.

Water activity of microcapsules

The water activity (aw) of microcapsules was measured using an electric hygro-
meter (Novasina IC-500 AW-LAB, Novasina). A sample dish was carefully filled
halfway with microcapsules, measurements were performed at room temperature
and the results were recorded after the equilibrium was reached.

Moisture content of microcapsules

The moisture content of microcapsules was determined by the Karl Fischer titra-
tion method with a TitroMatic 1S Karl Fischer instrument (Crison Instruments
S.A., Spain), using solvent and titrant for Karl Fischer (Aquametric, Panreac
Spain). A sample of 0.2 g of microcapsules was dissolved in the solvent and was
automatically titrated till the drift was below 30 µL min−1. Moisture content was
calculated through a water standard (Hydranal R©-Water Standard 10.0, Fluka) and
expressed as mass per 100 g of powder (wet basis). Each determination was done
in triplicate.

Total oil content of microcapsules

The total oil content of the microcapsules was analyzed gravimetrically by n-
hexane extraction based on Richardson method (Richardson, 1985) and modified
by Ramakrishnan et al. (2013) and expressed as mass per 100 g of powder (wet
basis). A sample of 2 g microcapsules was dissolved in a solution containing
20 g of distilled water and 2 mL of ammonium hydroxide solution 25% (Sigma-
Aldrich). The mixture was stirred for 20 min to ensure microcapsule redispersion
and emulsion breaking. Hereafter, 35 mL of n-hexane 95% (Panreac) were added
and the mixture was shaken for 3 min to completely dissolve the oil phase into
the hexane. The mixture was left to phase separate then the organic fraction
was vacuum evaporated at 60◦C (Heidolph VV Micro rotary evaporator, Heidolph
Instruments, Germany) and the remaining oil was weighted. The water phase was
stored at 6± 2◦C for further analysis of the procyanidin content.
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Procyanidin content of microcapsules

The procyanidin content of microcapsules was determined by Folin-Ciocalteu’s
method (Singleton and Rossi, 1965). An aliquot of 50 µL, from the water phase
previously obtained during the determination of total oil content, was diluted
in 5 mL of distilled water and 1.5 mL of this were mixed with 20 µL of Folin-
Ciocalteu’s reagent (Panreac) and 20 µL of 30% NaOH solution. After 5 min,
absorbance was measured spectroscopically (DR 5000 Hach Lange) at 660 nm.
Concentration of procyanidin was calculated by a previously determined calibra-
tion curve with known amounts of Gallic Acid 1-hydrate (Panreac) as standard.
Results were expressed as mass per kg of powder (wet basis).

Encapsulation efficiency of procyanidins in W1/O/W2 emulsions and
microcapsules

Encapsulation of procyanidins in W1/O/W2 emulsions was expressed as the mass
of procyanidins that remained encapsulated within the W1 droplets over the total
mass of procyanidins initially introduced in the inner water phase after 3 emulsi-
fication cycles (n = 3). It was assumed that, during the production of the double
emulsions, the procyanidins mainly escape through the loss of inner water droplets
(Vladisavljević et al., 2006b). Therefore encapsulation can be expressed as:

EEemulsion

100
=
m0
p,W1

−mn
p,W2

m0
p,W1

=
m0
W1

+m0
W2

−mn
W2

m0
W1

(4.1)

where m0
p,W1

is the initial procyanidin mass in the inner water phase, mn
p,W2

the procyanidin mass in the outer water phase after 3 cycles the premix ME, m0
W1

the initial mass of the inner water phase, m0
W2

the initial mass of the outer water
phase, and mn

W2
the mass of the outer water phase after 3 cycles of premix ME.

The concentration of procyanidins that is measured in the outer water phase can
be calculated as:

mn
p,W2

= Cnp,W2

(
m0
W1

(
1 − EEemulsion

100

)
+m0

W2

)
(4.2)

where Cnp,W2
is the concentration of procyanidins in the outer water phase

after 3 cycles of premix ME which was determined by Folin-Ciocalteu’s reagent.
Substitution of Equation 4.2 into 4.1 gives:
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EEemulsion =
m0
p,W1

− Cnp,W2

(
m0
W1

+m0
W2

)
m0
p,W1

− Cnp,W2
m0
W1

× 100 (4.3)

Encapsulation of procyanidins in microcapsules was calculated as:

EEµcapsule =
Ctotalp,µcapsule − Cwallp,µcapsule

Ctotalp,µcapsule

× 100 (4.4)

where Ctotalp,µcapsule is the procyanidin content in microcapsules and Cwallp,µcapsule

is the procyanidin content in the microcapsule wall.

To calulate Cwallp,µcapsule, first, microcapsules were redispersed with distilled wa-
ter at room temperature, samples were gently agitated until no powder particles
were visually evident. Subsequently, an aliquot of 1.5 mL of the redispersed mi-
crocapsules was centrifuged (Biocen 22R, rotor RT 223, Orto Alresa) at 15 G to
separate W2 phase from W1/O phase and 50 µL of W2 phase were diluted in 25 mL
of distilled water. The aforementioned Folin-Ciocalteu’s method was followed to
determine the procyanidin content in the W2 phase.

Statistical analysis

Data from moisture, total oil and procyanidin content of microcapsules and en-
capsulation efficiency of emulsions and microcapsules was analyzed using one-way
analysis of variance (ANOVA) followed by the protected Fisher’s LSD method to
establish the significance of differences among the mean values at p< 0.05.

4.3 Results

4.3.1 Properties of spray dried double emulsions

The encapsulation of a water soluble extract of procyanidins was tackled by
spray drying W1/O/W2 emulsions. Considering the limited storage stability of
W1/O/W2 emulsions and the convenience of solid food ingredients, a spray dry-
ing step was performed to produce solid microcapsules. For obtaining the emul-
sions, we used the same formulation (see Table 4.2) but modifying the type and
concentration of hydrophilic emulsifiers: single WPI versus three soluble WPI–
polysaccharide complexes (see Table 4.1). Regarding the emulsification process,
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rotor-stator homogenization combined with multistage premix ME (3 cycles) en-
abled to produce stable double emulsions. The type and pore size of the mem-
brane was kept constant for all emulsifications while the transmembrane pressure
was set up for each emulsion according to the kind of hydrophilic emulsifier (Ta-
ble 4.1). During premix ME higher transmembrane pressures were required for
WPI–polysaccharide complexes used as emulsifier, even though the total amount
of emulsifier was equal or lower than that of WPI-stabilized emulsions, especially
in the case of WPI–CMC they increased the viscosity of the W2 phase.

After producing W1/O/W2 emulsions, microcapsules were obtained by adding
wall material and subsequent spray drying. Maltodextrin was used as wall material
with a 1:3 oil to wall material ratio and finally W1/O/W2 emulsions were spray
dried using the same operating conditions for all emulsions. In terms of micro-
capsule final properties, we observed that moisture content ranged from 5.6% to
7.5% for WPI–polysaccharide spray dried emulsions (Table 4.3), showing that the
presence of a polysaccharide in the emulsifier at these low concentrations slightly
affects the drying behavior. In terms of aw, we observed that microcapsules from
emulsions stabilized with WPI–polysaccharide showed slightly lower values (be-
tween 0.26 and 0.29) than those of microcapsules from WPI stabilized emulsions
(0.34), due to the lower capacity of proteins in binding water. Higher differences
in oil content were determined among microcapsules from W1/O/W2 emulsions
stabilized by different emulsifiers, even though we should consider that they were
calculated in wet basis and, in turn, affected by the slight variations in moisture
content.

Table 4.3: Water activity (aw), moisture and oil content in microcapsules stabilized
by various hydrophilic emulsifiers. Mean and standard deviation with a
different letter (a–c) are significantly different (p< 0.05).

aw moisture oil
[-] [%] [%]

WPI 0.34 6.2± 0.4b 9.1± 0.5c

WPI–CMC 0.28 5.6± 0.1a 4.2± 0.5a

WPI–GA 0.26 6.0± 0.3ab 4.9± 1.0ab

WPI–Chi 0.29 7.5± 0.2c 6.6± 0.2b

Table 4.4 shows the procyanidin content in microcapsules and in the mi-
crocapsule wall. Although the microcapsules with the highest procyanidin con-
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Table 4.4: Procyanidin content in microcapsules and in the microcapsule wall and en-
capsulation efficiencies of procyanidins of freshly produced emulsions and
microcapsules stabilized with various hydrophilic emulsifiers. Mean and
standard deviation with a different letter (a–c) are significantly different
(p< 0.05).

emulsion microcapsule

EEemulsion Ctotalp,µcapsule Cwallp,µcapsule EEµcapsule

[%] [g kg−1] [g kg−1] [%]

WPI 68.0± 1.2a 3.8± 0.2a 0.9± 0.1b 76.0± 8.9a

WPI–CMC 71.8± 0.5b 5.3± 0.2b 1.3± 0.0c 75.8± 5.9a

WPI–GA 73.5± 2.7b 3.8± 0.3a 1.0± 0.0b 72.5± 8.1a

WPI–Chi 73.5± 1.8b 3.6± 0.2a 0.7± 0.0a 79.9± 6.5a

tent were those obtained from WPI–CMC stabilized emulsions (5.3 g kg−1), they
also presented the highest values of procyanidin content in the microcapsule wall
(1.3 g kg−1). Cwallp,µcapsule measures the amount of ‘free procyanidins’ in spray dried
emulsions and is defined as that part of procyanins that can be extracted with wa-
ter after rehydrating solid microcapsules, that is, those procyanidins not retained
in the W1 phase. To better analyze if procyanidins were truly entrapped in the W1

phase, we calculated the encapsulation efficiency of procyanidins in microcapsules
(see equation 4.4) similarly to the oil encapsulation efficiency in single microcap-
sules, that is, reflecting the presence of ‘free procyanidins’ on the particle matrix
within the powder. According to these results, we did not observe significant
differences in the amount of encapsulated procyanidins regardless the emulsifier
(WPI–polysaccharide complex or WPI) used. For all cases, EEµcapsule ranges
from 72.5% to 79.9%, showing that this percentage of procyanidins was retained
in W1 after microcapsule rehydration. Values in the same range were obtained
by Rodŕıguez-Huezo et al. (2004) when spray drying double emulsions containing
carotenoids which had similar formulation to those used in the present work.

Particle size distribution showed important differences regarding the type of
spray dried emulsion (Figure 4.1). Mean particle size (d4,3) was 25.0, 18.7 and
50.1 µm for WPI, WPI–CMC and WPI–GA spray dried emulsions, respectively,
while the span factor ranged from 1.6 to 5.7. Microcapsules from WPI–GA sta-
bilized emulsions were very polydisperse with a flat peak in the region of 18 µm
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and a heavy tail that moves up to 600 µm. Contrary, spray dried WPI–CMC
emulsions show a monomodal and symmetric particle distribution with a narrow
peak at about 18 µm.

All microcapsules exhibited an outer topography characterized by more or less
spherical shapes, with surface dents and a high degree of integrity, that is, no cracks
or pores could be observed in the outer surfaces. Typical images of microcapsules
stabilized by different emulsifiers are shown in Figure 4.2. Apart from size and
distribution, no significant differences on the external microstructure were detected
regardless of the type of hydrophilic emulsifier.

4.3.2 Role of double emulsions on the microcapsule proper-
ties

Figure 4.1 shows how the microcapsule size measured by laser diffraction depends
on the emulsion droplet size, considering that oil to wall material ratio was kept
constant (1:3). Although the droplet size of double emulsion was around 9 µm
after 3 cycles of premix ME regardless of the hydrophilic emulsifier, significant
differences were found in the microcapsule size. While the microcapsule d4,3 was
2.6 and 2.4 times that of droplet d4,3 in W1/O/W2 emulsions stabilized by WPI and
WPI–CMC, respectively, microcapsules from emulsions stabilized with WPI–GA
showed a d4,3 4.8 times higher than that of the emulsions droplets. The differences
observed with WPI–GA can be related to the behavior of emulsion droplets during
spray drying, as it will be discussed below.

Besides the properties of freshly produced W1/O/W2 emulsions, the mi-
crostructure and droplet size distribution of rehydrated microcapsules were an-
alyzed. In fact, the ability to form stable emulsions after rehydration is a relevant
property of microcapsules in practical applications. Images in Figure 4.2 show
how the rehydrated microcapsules keep the structure of double emulsions for the
four hydrophilic emulsifiers, with inner W1 droplets clearly visible. Similar results
were obtained by Rodŕıguez-Huezo et al. (2004) after rehydrating microcapsules
from multiple emulsions containing carotenoids.

Although the inner W1 droplets were found in all the rehydrated microcapsules,
the original W1/O/W2 emulsion was not fully reconstituted and polydisperse emul-
sions were obtained after rehydrating microcapsules from WPI–GA and WPI–Chi
stabilized emulsions. The distribution of W1/O droplets in both systems showed a
bimodal distribution with two overlapping peaks; one in the region of 14 µm and
a smaller one in the zone of 80 µm that led to a major increase in d4,3 and span
(Figure 4.1c and d). In contrast, W1/O droplets of rehydrated microcapsules from
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(d) WPI–Chi

Figure 4.1: Size distributions at different stages of the microcapsule production stabi-
lized by (a) 1.0%wt WPI, (b) 0.5%wt WPI – 0.25%wt CMC, (c) 0.5%wt
WPI – 0.5%wt GA, and (d) 0.5%wt WPI – 0.05%wt Chi. Size distribu-
tions of: 3rd cycle double emulsion premix membrane emulsification,
double emulsion microcapsule, and redissolved microcapsule in acetic acid
solution.
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WPI–CMC presented a monomodal distribution (Figure 4.1b) with a small shift
in the oil droplet size, which had a minor impact on d4,3 and span. Rehydrated
microcapsules from WPI–CMC stabilized emulsions had d4,3 values of 9.9 µm and
a span of 1.6, just slightly higher than those of double emulsions right after premix
ME (d4,3 of 7.7 µm and a span of 1.0). In the W1/O droplet size distribution of
rehydrated microcapsules from WPI stabilized emulsions, the formation of some
large particles could be observed.

As aforementioned, the progress of droplet stability along the microcapsule
production, that is, after producing the emulsion, adding the wall material (mal-
todextrin) and further spray drying, determines the final properties of the rehy-
drated microcapsules. Regarding W1/O/W2 emulsions stabilized with WPI–GA,
their lower stability compared with that of the other emulsions could be the reason
of the high dispersion observed in the rehydrated microcapsules. In Chapter 3,
the creaming rate of WPI–GA stabilized double emulsions showed that emulsions
were quite unstable within some minutes after production (creaming velocity of
22.6 mm h−1), bridge flocculation was suggested to occur. In the case of WPI–
Chi stabilized emulsions, droplet instability can be caused by the addition of wall
material, inducing depletion flocculation, in which depletion forces result from mal-
todextrin addition which would outweigh repulsive forces, leading to coalescence
and thus to large droplet sizes. At those conditions a highly polydisperse emul-
sion was formed, as the droplet size distribution of the rehydrated microcapsules
showed (see Figure 4.1d). Other authors observed depletion flocculation from
non-adsorbed chitosan (Klinkesorn and Namatsila, 2009, Speiciene et al., 2007)
and from maltodextrin (Gharsallaoui et al., 2012) under similar conditions.

Considering that a major property of dehydrated emulsions for consumer use
is that the rehydrated microcapsules have the same droplet size distribution as
the parent emulsions, WPI–CMC complex was the best emulsifier among the ones
investigated. The reasons of its good performance seem to rely on its ability to pre-
vent emulsion instability, what can be correlated to a thick interfacial layer (2.2 nm
versus 0.6 nm of WPI) and a significant high surface charge (see ζ-potential in Ta-
ble 4.1) resulting in steric hindrance and electrostatic repulsions as mechanisms of
droplet stabilization. During atomization and drying droplets are forced in close
proximity, which is the reason why creating short-range steric and electric repul-
sions between neighboring droplets has been suggested as an approach to prevent
attractive interactions (Gharsallaoui et al., 2010) that may end up in flocculation
and subsequent coalescence. In addition WPI–CMC significantly increased the
viscosity of the continuous phase, an important factor to reduce creaming phe-
nomena.
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WPI

WPI–CMC

WPI–GA

WPI–Chi

Figure 4.2: Left hand side) ESEM images of microcapsules with a magnification of
900×, Right hand side) microscopic images of rehydrated microcapsules
in acetic acid solution, for the four different hydrophilic emulsifiers.
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In terms of encapsulation efficiency, however, we observed that the EEµcapsule
value did not show significant differences regardless of the hydrophilic emulsifier.
When we analyze the procyanidin encapsulation during emulsification (Table 4.4),
W1/O/W2 emulsions stabilized with any of the WPI–polysaccharide complexes led
to significant higher values (EEemulsion between 71.8% and 73.5%) than those
stabilized with single WPI (EEemulsion = 68%). Procyanidin release at this stage
is mainly controlled by the escape of inner W1 droplets as the size of W1/O droplets
is reduced in each premix ME cycle. Considering this, WPI–polysaccharide com-
plexes slightly improved the procyanidin retention in W1 during premix ME. In
contrast, after spray drying and microcapsule formation, procyanidin migration is
limited by the combined resistance of the oil phase and the interfacial O–W2 layer
within the powder.

The case of WPI–CMC stabilized emulsions and the further microcapsules
shows that different mechanisms seem to determine the amount of procyanidins
in the microcapsule and how procyanidins are distributed. Emulsions stabilized
with WPI–CMC resulted in the highest droplet stability over the whole process
of microcapsule production (see the droplet size distribution of the rehydrated
microcapsules) and the highest value in procyanidin content in the microcapsules
(Table 4.4), while EEµcapsule was not significantly higher than that showed by the
other emulsifiers. According to this, it seems that to keep the emulsion monodis-
perse with a low droplet size facilitated the encapsulation of W1/O droplets, being
able to increase the total procyanidin content, which was also seen for single emul-
sions (Ramakrishnan et al., 2014). Nevertheless, the high interfacial area resulting
from the narrow droplet size distribution acted as a promoter of procyanidin mi-
gration. The barrier properties of the oil phase and the interfacial O–W2 layer
with WPI–CMC complex mitigated this just partially, as the similar values of
EEµcapsule obtained for the differently formulated microcapsules show. Consi-
dering all this, a strategy to improve the encapsulation efficiency of procyanidins
should be considered to coat emulsion droplets with interfacial layers able to sta-
bilize the emulsion over the entire production process and increase their capacity
to retain procyanidins.

4.4 Conclusions

Double emulsions were produced by premix ME and subsequent spray drying en-
abled to encapsulate a procyanidin-rich extract in powder form. At the operating
conditions, the emulsions stabilized with WPI or WPI–polysaccharide complexes
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showed good resistance to dehydration so that they could be converted into pow-
ders, retaining procyanidins. Even though all the spray dried double emulsions
recovered the structure of W1/O/W2 emulsions after rehydration, with a clearly
differentiated W1 phase, only rehydrated microcapsules from double emulsions sta-
bilized by WPI–CMC were able to recover the droplet size distribution of the fresh
ones. In this case, emulsions were able to keep their droplet stability over the whole
production process, i.e. from emulsification to spray drying. Bridge flocculation of
the W1/O/W2 emulsions stabilized with WPI–GA and depletion flocculation after
addition of maltodextrin to the WPI–Chi stabilized emulsions are the suggested
instability mechanisms that resulted in polydisperse droplets after microcapsule
rehydration.

Results on encapsulation efficiency indicated that between 72.5% and 79.9% of
the procyanidins in microcapsules were entrapped in inner W1 droplets, regardless
of the hydrophilic emulsifier. It has been shown that, WPI–CMC complex was able
to truly stabilize the W1/O droplets during the different stages of microcapsule
production but it moderately retained the migration of procyanidins through the
W1–O interface.

According to this, we observed how small changes in hydrophilic emulsifiers
have large influence on microcapsules and rehydrated microcapsules. These re-
sults suggest that interfacial properties of emulsions prior and during spray drying
should be studied in order to increase microcapsule quality.
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5.1 General conclusions

Premix ME enabled to produce single and double emulsions stabilized with hy-
drophilic emulsifiers made of WPI–polysaccharide complexes and entrapping a
bioactive compound. Regarding emulsion properties, they depended on the pro-
cess conditions during premix ME, mainly, membrane pore size, transmembrane
pressure and number of premix ME cycles, and also on the emulsion formula-
tion. Considering that this project was focused on using protein–polysaccharide
complexes due to their surface active and barrier properties, the differences in
emulsion formulation were mainly based on the type of hydrophilic emulsifier.
The structure of the interfacial layer, determined by the amount and composition
of WPI–polysaccharide complex adsorbed at the oil-water interface, had a strong
impact on emulsion stability and retention of the encapsulated compound.

When premix ME was applied to produce sunflower O/W emulsions with inter-
facial structures made of WPI and a WPI–CMC complex (Chapter 2), emulsion
stability was different according to the composition and number of interfacial lay-
ers. Although SPR measurements confirmed the adsorption between the several
layers, only O/W emulsions stabilized by one interfacial layer (either WPI or WPI–
CMC complex) did not coalesce after preparation. Even though WPI emulsions
showed a mean droplet size close to the pore membrane size (10 µm), a signifi-
cant amount of much smaller droplets contribute to increase droplet dispersion.
This seemed to affect emulsion stability during storage. Non-washed emulsions,
containing free emulsifier in the bulk water phase, were much more stable than
their washed counterpart, what suggests that reducing the non-adsorbed WPI in
the water solution (either as a complex or isolated) by centrifugation did con-
tribute to droplet flocculation and further coalescence. A redistribution of WPI
and WPI–CMC complex at the droplet interface may be the reason of the much
lower stability.

The oxidation rate of sunflower O/W emulsions strongly depended on the in-
terfacial composition: TBARS in WPI–CMC stabilized emulsions increased much
faster than in emulsions with WPI. Adsorption data at a hydrophobic interface and
the electrical charge of the WPI–CMC complex suggest that it formed a thick but
less dense interface than WPI with a negative charge able to attract any transition
metal ion and promote lipid oxidation. This research suggests that the strategies to
improve the oxidation stability of O/W emulsions by tailoring their interface should
consider multi-layer arrangements, e.g. made of WPI, or protein–polysaccharide
complexes having a positive electrical charge at the emulsion conditions, among
others.
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In the case of W1/O/W2 emulsions entrapping a procyanidin-rich extract and
stabilized by WPI–CMC, WPI–GA, or WPI–Chi (Chapter 3), the encapsulation
of procyanidin was at least 70% at the end of the emulsification step, regardless
the hydrophilic emulsifier used. Procyanidin encapsulation decreased with each
premix ME cycle, mainly linked to the escape of the inner W1 phase as a result
of the break-up of W1/O droplets. Even though no important differences in the
polyphenol encapsulation were observed among emulsions stabilized with WPI–
polysaccharide complexes, data about the shear stress in the membrane pores
would help to better determine the effect of those on the break-out of inner W1

droplet.

Stability of W1/O/W2 emulsions, encompassing creaming rate, droplet size
distribution and polyphenol release during storage, was affected by the type of
WPI–polysaccharide complex used as emulsifier. In the case of creaming rate,
the viscosity imposed by each WPI–polysaccharide complex to the W2 phase was
a parameter to consider. The progress of the droplet size distribution during
storage, in turn, was affected by pH, due to its influence on the surface charge of
emulsion droplets as well as on the interactions between WPI and each polysaccha-
ride. Hence, different windows of pH values, in which emulsions kept droplet size
distribution stable, were identified for each WPI–polysaccharide complex. Fur-
thermore, release rate constants during 14 days of storage ranged from 5.6 to
11.3 µg mL−1min−0.5 and depended more on the type of hydrophilic emulsifier
than on pH environment. When the release rate constants were related to the
thickness of the interfacial layer made of WPI–polysaccharides (obtained from
SPRi measurements), we observed that thicker layers led to lower release rates.
Further research on the relationship between the properties of tailor-made inter-
faces with the diffusion of entrapped bioactive compounds is required to optimize
each.

Solid microcapsules, containing a procyanin-rich extract, were obtained by
spray drying W1/O/W2 emulsions produced by premix ME (Chapter 4). At the
operating conditions, the emulsions stabilized with WPI or WPI–polysaccharide
complexes showed good resistance to dehydration so that they could be converted
into powders, retaining procyanidins. Even though all the spray dried double
emulsions recovered the structure of W1/O/W2 emulsions after rehydration, with
a clearly differentiated W1 phase, only rehydrated microcapsules from double emul-
sions stabilized by WPI–CMC were able to recover the droplet size distribution
of the fresh ones. In this case, emulsions were able to keep their droplet stability
over the whole production process, i.e. from emulsification to spray drying. Bridge
flocculation of the W1/O/W2 emulsions stabilized with WPI–GA and depletion
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General conclusions and future work

flocculation after addition of maltodextrin to the WPI–Chi stabilized emulsions
are the suggested instability mechanisms that resulted in polydisperse droplets
after microcapsule rehydration. Results on encapsulation efficiency indicated that
between 72.5% and 79.9% of the procyanidins in microcapsules were entrapped in
the inner W1 droplets, regardless the hydrophilic emulsifier. It has been shown
that, WPI–CMC complex was able to truly stabilize the W1/O droplets during the
different stages of microcapsule production but it moderately retained the migra-
tion of procyanidins through the W1/O interface. According to this, we observed
how small changes in hydrophilic emulsifiers have large influence on microcapsules
and rehydrated microcapsules. These results suggest that interfacial properties of
emulsions prior and during spray drying should be studied in order to increase
microcapsule quality.

For every type of encapsulation (single emulsion, double emulsion and spray
dried double emulsion) a tailor-made hydrophilic emulsifier is required to comply
with the type of protection needed, the addenda used and the desired site of
delivery.

5.2 Future work

The oxidation behavior of sunflower O/W emulsions stabilized with several WPI
and CMC interfaces showed (Chapter 2) that a thin compact positive WPI layer
could better protect against oil oxidation than a thick non-compact negative WPI–
CMC layer. These results suggested that the fast oxidation observed in O/W emul-
sions stabilized WPI–CMC complex was mainly caused by the negative charge of
the droplet interface. Although WPI–Chi complexes have a narrow range of en-
vironmental conditions in where they can effectively protect the emulsion droplet
(depletion flocculation easily occurs), they can form thick positively charged in-
terfaces. Therefore, WPI–Chi could be a good candidate to protect emulsion
against oil oxidation. Another approach would be to produce a layer-by-layer
interface with an external layer made of positively charged WPI. Regarding the
use of multi-layer systems to stabilize O–W interfaces, further research should be
undertaken to investigate the properties at the interface of WPI in combination
with other polysaccharides. Even though SPRi adsorption measurements showed
that WPI–CMC interfacial layers were less dense than WPI layers, it would be
interesting to consider other WPI–polysaccharide complexes that, upon layer-by-
layer deposition, could form denser interfaces able to successfully stabilize emulsion
droplets.
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The effect of the environmental conditions, such as pH, on the interfacial prop-
erties of WPI and WPI–polysaccharide complexes could be further investigated
by means of SPRi. These measurements would provide insight on how pH af-
fects the thickness and density of the interfacial layers and about the mechanisms
controlling the emulsion stability.

Fourier-Transform Infrared Microspectroscopy (ATR-IRMS) is a novel tech-
nique that could have several applications in the frame of the present project: i)
to quantify the amount of proteins and polysaccharides adsorbed at the O–W in-
terface and ii) to monitor oil oxidation in emulsions and solid microcapsules. A
promising start had been made, where the main problem was sample preparation,
in particular, water evaporation from the emulsions when a sample was deposited
on a slide which led to instable emulsions, but on the other hand to avoid the large
effect of water on the FTIR signal.

As stated in Chapter 1, encapsulation systems to entrap sensitive compounds
can i) protect them from environmental effects, ii) be used as delivery system, and
iii) mask undesired sensory attributes. In this research we mainly focussed on the
first, protection, while delivery and masking did not have our focus. Since the to be
protected compounds often have an off-taste, such as fish oil and procyanidin, con-
tinuation of the research could increase its focus on masking off-flavors. Masking
off-flavours can be achieved by protecting the encapsulation system from specific
environmental effects, namely saliva. Saliva is an aqueous solution of salts, pro-
teins and enzymes which can deteriate emulsions leading to delivery of the sensitive
compounds. A saliva model could help to simulate and investigate the stability of
emulsions under these conditions.

Concerning the stability of procyanidins entrapped in the double emulsions
and solid microcapsules (Chapters 3 and 4), analytical determinations shoud be
performed to establish if the chemical composition of the mixture of monomers up
to pentamers present in the procyanidin-rich extract evolve during emulsification
and/or drying and further storage.
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R. Jiménez-Alvarado, C. Beristain, L. Medina-Torres, A. Román-Guerrero, and
E. Vernon-Carter. Ferrous bisglycinate content and release in W1/O/W2 mul-
tiple emulsions stabilized by protein-polysaccharide complexes. Food Hydrocol-
loids, 23(8):2425–2433, 2009.

R. A. L. Jones. Soft Condensed Matter. Oxford University Press, 2002.
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