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RESUME

Projet 1 : Formulation de doubles émulsions en deux étapes

Les émulsions doubles peuvent étre réalisées soit par un processus en une seule étape ou en deux
étapes (Figure 1 et la Figure 2). L’émulsion primaire E1/H (eau-dans-huile) doit étre de tres petite
taille, de préférence une nano-emulsion stabilisée par un tensioactif & HLB (Balance Lipophile
Hydrophile) bas. L’émulsion inverse est généralement obtenue par une méthode a haute énergie, a
I’aide d’un homogénéisateur a haute pression ou a ultrasons. Pour la deuxieme émulsification,
plusieurs approches peuvent étre utilisées, mais une méthode a faible énergie peut étre privilégiée
afin d’éviter la libération prématurée du matériau hydrophile solubilisé dans les gouttelettes d’eau
interne. En effet, les méthodes a haute énergie peuvent détruire I’émulsion primaire, produisant au

final des émulsions H/E (huile-dans-eau) simples [1-3].

Depuis de nombreuses années, les émulsions doubles sont considérées comme une technologie
émergente avec un intérét potentiel élevé. Par conséquent, un énorme effort de recherche a éteé
entrepris pour optimiser les formulations d’émulsions doubles pour les applications industrielles.
Cependant, a ce jour, seuls quelques produits basés sur ce type d’émulsions sont sur le marché. La
principale question est leur stabilité limitée, c¢’est-a-dire la formulation d’une émulsion double
robuste capable de conserver ses spécifications sur le temps de stockage, comme I’apparence, la
texture et le goQt, ce qui implique une stabilité physique et chimique a long terme. Cette stabilité
est tres difficile a contréler en raison de la différence de pression osmotique entre les phases interne
et externe de I’eau qui doit étre égalisée, et de la différence dans la pression hydrodynamique de
Laplace qui tend a disparaitre avec le temps et a modifier la morphologie globale du globule. Ces
phénomenes d’équilibration sont également trés dépendants des propriétés des tensioactifs utilisés
pour la premiere émulsification, ce qui contribuent a stabiliser les minces films liquides entre les
gouttelettes d’eau internes. En conséquence, ’équation de stabilité est complexe et trés difficile. A
ce stade, 'utilisation d’une nano-émulsion comme une émulsion primaire E1/H peut étre une option
intéressante, en raison d'une plus grande stabilité de ce type d’émulsions, en comparaison avec les
émulsions de tailles conventionnelles, i.e. micrométriques [4-6].

Ensuite, dans la partie suivante, nous avons optimisé la formulation des globules doubles a
différentes échelles, de la taille micrométrique jusqu’a 1’échelle nanométrique, en travaillant sur la
seconde émulsification. Les nano-émulsions doubles ont été caractérisées par la diffusion

dynamiqgue de la lumiere (DLS), la spectroscopie UV-visible, la spectroscopie de fluorescence, la
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transmission et la microscopie électronique a transmission Cryo (TEM), ainsi que par la mesure de

I’efficacité d’encapsulation (EE) et le profil de relargage des espéces modeéles hydrophiles

encapsulées dans les gouttelettes aqueuses internes, ce qui a donné lieu a la publication de deux
articles : Akram S. et al. Langmuir 2019, et Ding, S. et al. Soft Matter 2017.
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Figure 1 : partie A représentation schématique

First emulsification: Ultrasonication

Sonication
probe

Second emulsification: Rotor / stator or Spontaneous emulsification

Oil (O) + PGPR
+ Silica precursor
Water 1 (w,) \ L}l
+ Cac'l: g
—
+ Water 2 (W,)

+ Nonionic
surfactant

w, / O nano-emulsion
stabilized by silica shell

Stable w, /O / W,
double emulsion
or double nano-emulsion

Figure 2 : partie B représentation schématique

Les résultats montrent que nous avons pu formuler les émulsions primaires et doubles a 1’échelle

nanométrique. Les résultats montrent dans le projet 1 partie A que I'efficacité d’encapsulation a été

optimisée lorsque la phase aqueuse interne a été transformée en hydrogel (polymérisation UV).

Dans la seconde partie (B), 'efficacité d’encapsulation a été augmentée en créant la coquille de

silice a I’interface de I’émulsion primaire d’E/H.

Projet 2 : Etude de la nano-émulsification spontanée pour formuler des émulsions H/E

Dans le deuxiéme projet, nous nous sommes intéressés a des nano-émulsions inverses E/H par

deux méthodes différentes d’émulsification spontanée. Les nano-émulsions E/H sont un outil
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intéressant pour encapsuler les molécules hydrophiles, ce qui revét un intérét particulier
pour des applications biomédicales aprés re-dispersion dans une phase aqueuse [7-9].

Dans la premiére méthode (méthode A), le surfactant lipophile est initialement mélangé avec de
I’huile et homogénéise pendant cing minutes. Ensuite, la phase aqueuse est ajoutée a débit
constant (pompe péristaltique) permettant de fabriquer les nano-émulsions E/H. Premiérement,
nous avons étudié I’effet des différents parameétres du procédé¢, comme le taux d’addition de la
phase aqueuse, la vitesse d’homogénéisation a différents aux rapports de phase et différents
rapports tensioactis/huile, sur la taille des particules et la dispersité des suspensions. Les différents
tensioactifs lipophiles tels que le Span 80, le Span 85 et le PGPR (polyricinoléate de polyglycérol)
ont été étudies ainsi que leur impact sur le procédé d’émulsification. Ensuite, différents mélanges
de ces tensioactifs et leur effet sur les propriétés des nano-émulsions ont été étudiés. Dans la

derniére étape, différentes huiles telles que I’huile d’olive et d’autres ont été explorees.

Dans la deuxiéme méthode (méthode B), I’agent tensioactif lipophile a été mélangé avec la
phase aqueuse a un taux d’homogénéisation prédéterminé pendant cinq minutes. Puis, I’huile a
été ajoutée instantanement pour former les nano-émulsions E/H. Les différents aspects de la

composition des formulations ont été étudiés comme précédemment et comparés.

Les résultats de ce projet indiquent que nous avons pu formuler les émulsions E/H nanométriques
par les deux méthodes de formulations avec des propriétés comparables. Toutefois, la méthode A
été preferée par rapport a la méthode B parce que les résultats présentés étaient meilleurs en
termes de taille et d'indice de polydispersité. Les résultats ont également montré que plusieurs
huiles et tensioactifs peuvent étre utilisés pour faire ces émulsions E/H nanométriques par les
deux méthodes.

Lors de dans cette partie, nous avons développé une nouvelle méthodologie pour fabriquer des
émulsions inverses, ce qui est tres novateur et qui servira de marchepied a de nombreuses
recherche dans le domaine.

Conclusion

Les nanoparticules colloidales sont un outil intéressant pour transporter les entités hydrohiles et
lipophiles. Elles peuvent étre efficacement produites par des méthodes de microfluidisation,
d’ultrasonication et d’émulsification spontanée. Dans nos études, nous avons produit et caractérisé
ces microparticules et nanoparticules sous forme d'émulsions simples, inverses et doubles, a la fois
a lI'échelle micrometrique et nanométrique montrant qu’elles peuvent étre utilisées comme vecteurs

de médicaments.
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General Overview

The thesis manuscript is divided into three sections & is written in monogram form. Each
section is complete in sense of its theoretical representation of topic & independent from each
other. Thus, the manuscript does not have general list of abbreviations or list of figures.

The first section consists of three chapters. The first chapter is about general introduction on
double emulsions & is part of book chapter written by me in partnership with fellow colleagues.
The second & third chapters contain research articles published in peer review journals “Soft
Matter” & “Langmuir” respectively.

The second section consists of two chapters. The fourth chapter consists of general overview
of transitional nano-emulsification methods & is taken from book chapter written by my
supervisor & me & published in book on nano-emulsions. The fifth chapter consists of research
findings on formation of inverse nano-emulsions by spontaneous emulsification. This research
article is in process of submission & review currently.

The third section consists of one chapter & appendices. The chapter 7 contains general
conclusion of the thesis & perspectives of our different research projects. In the last appendixes
contain additional research work carried out in collaboration.

Further detail about these different sections is given in the start of each section.
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SECTION 1

Synthesis & Characterization of Double Emulsions
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Executive Summary

This section contains 3 chapters all related to different concepts about double emulsions. Double emulsions
are systems in which water in oil or oil in water emulsion is further emulsified into an out most continuous
phase. The double emulsions are an interesting system because of the possibility they provide of carrying
the both hydrophilic & lipophilic contents in the same system.

Chapter 1 contains introduction about the basic ideas of double emulsions. It provides a historical perspective
about their development as drug delivery system, some of most important factors that impact their stability, their
potential applications & at the end a very short review of their formation at nano scale. This part is taken from
my academic writing work accepted by academic press to be published in a book.

Chapter 2 contains my research article published on the topic of double emulsions at nano scale in soft
matter. This research article provides a ground-breaking research in the field of nano double emulsions by
transposing conventional methods of formation of double emulsions at micro scale to form double
emulsions at nano scale. The main highlight from study is first time use of combination of high & low
energy methods for production of double emulsions at nano scale. The other main highlight is improvement
of low encapsulation efficiency of double emulsions at nano scale by formation of hydrogel through UV-
Polymerization.

Chapter 3 contains my research article published on the topic of double emulsions in Langmuir. This study
provides another alternative for encapsulating hydrophilic drug at both micro & nano scale. The study mentions
formation of double emulsions by combination of ultrasonication & spontaneous emulsification methods. The
main highlight from study is that it addresses the low encapsulation efficiency problem of double emulsions by

formation of silica shell at the interface of primary water in oil nano emulsion phase.
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CHAPTER 1

General Introduction of Double Emulsions
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1. Background, History & Introduction

Innovation is a tool that scientists use around the globe in many ways. The innovation allows
scientists to improve the already developed systems as well as address the new problems and
propose sustainable pragmatic solutions for these emerging problems. One of the major problem
in the field of pharmaceuticals is to create smart drug delivery systems. The drug delivery systems
which have high encapsulation efficiency, properties of targeted drug delivery, biocompatibility,
high stability as well as safety are still challenge to many. Scientists have responded to these
challenges in many ways which resulted in number of new dosage forms in the field of
pharmaceuticals. Double emulsions is also one of these answers to challenge of developing
optimum drug delivery system.

William Seifriz was the first person to observe the phenomenon of double emulsions in 1925][ 1].
The double emulsions reported by him had a very short life and were considered as transient
systems between O/W and W/O emulsion system. After the first observation by Seifriz, double
emulsions did not attracted attention of scientists for three decades. But in 1968, first application
of this system as drug delivery carrier was reported in literature [2]. As these structures are
inherently instable, historically their stability study was an important area of interest for
researchers working in the field of double emulsions and there are number of studies available that
give us some of the most important factors affecting their stability [3-11]. Besides exploring their
stability, formulation and progress in the field of pharmaceuticals was also another important area
of research [5, 6, 8]. Over the years, scientists also focused their potential as drug delivery system

and their manufacturing on nano scale [2, 12-16].

Double emulsions are complex colloidal dispersions in which the two different emulsions coexist
in the same system. The multilayer structure is composed in such a manner that the inner most
globules are dispersed in a continuous phase, which is subsequently dispersed as globules in
another outermost continuous phase [1, 8]. As this multilayered colloidal system can encapsulate
both hydrophilic and lipophilic entities at the same time, this system can be exploited to number

of applications in the pharmaceutical field [15, 17].

Depending on the continuous and dispersed phases double emulsions can be divided in two
different following types
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l. W/OW
. O/W/O

The first type is mainly used in pharmaceutical field so we will mainly focus on the first type of
double emulsions in this chapter.

Double emulsions are composed of three main components: oil Phase, surfactant and aqueous
phase. The type of oil can have practical effect on double emulsion properties as one of the most
important component of double emulsion system. Sometimes a mixtures of oil is also used to have
some specific properties of double emulsion system. The most important factor by which oil can
effect on the double emulsion system is the viscosity of oil. The highly viscous liquids can alter

the rate of solutes transport from inner phase to out phase [5].

In most cases, the double emulsions have at least two surfactants which are opposite in nature and
have different HLB values. For the creation of primary W1/O emulsion, a surfactant with relatively
low HLB value is used, this surfactant is lipophilic in nature. HLB range 2-7 is generally suitable
for primary emulsion while HLB range 6-16 is generally suitable for creating secondary emulsion.
The secondary surfactant is mainly hydrophilic in nature and used to stabilize the secondary O/W2
emulsion. The higher amount of surfactants are not appreciated from safety point of view. The
secondary surfactant concentration is also important from stability point of view as higher
secondary surfactant concentration can lead to instability of the double emulsion system [4, 5, 7].

(More details in 4.2.3. stability of double emulsions)
2. Strategies to form double nano emulsions

The double emulsions can be made in single-step [6, 18] or by a two-step approach [19, 20]. In one
step method the two different aqueous phases have same composition. Moreover, double emulsions
prepared by one step method have relatively low encapsulation efficiency as well as they need an
additional step of purification of bulk formulation and are not suitable for high added value active
compounds. On the other hand, double emulsions prepared by two step method have different aqueous

phases and potentially higher encapsulation efficiencies [3, 21-23].

The primary emulsion is mainly prepared by high energy method which break down the particles

from micro to nano range depending upon the type of instrument used and energy applied. High

6|Page



speed homogenizer with low energy range usually produce primary W1/O emulsion in micro
range. While the high speed homogenizer with high energy input or shear such as micro fluidizer
IS mainly used to prepare emulsions in the nano range [20]. Ultrasonicator is another such
instrument which create high energy waves and used to create primary emulsions in nano range
[11]. (We have discussed these methods in start of chapter). The secondary emulsion is usually
prepared by low energy method such as spontaneous emulsification [11, 20]. The low energy
method is used because the high energy method can destroy the primary emulsion and can result
in simple O/W emulsion [5].

Since their inception in 1925[1], a number of different techniques has been used to formulate the double
emulsions. In a very recent review by Ding et al [24], they have summarized the different formulation
strategies for double emulsion manufacturing. Different strategies used over the years for formulation
of double emulsions are one step emulsification by hand shake [1], two step emulsification by
mechanical stirring [25], two-step emulsifications with small vibrating mixer [4], double emulsions by
UltraTurrax [11, 26], double emulsions prepared by a fractionated crystallization technique [27],
double emulsion prepared with pin-mixer and UltraTurrax for W/O and W/O/W emulsions,
respectively [3], double emulsion prepared with Micro fluidizer and Spontaneous emulsification for
W/O and W/O/W emulsions, respectively [20], double emulsion prepared with Ultrasonicator and
Spontaneous emulsification for W/O and W/O/W emulsions, respectively [11] and preparation of

double emulsions by membrane emulsification [28].

A schematic diagram of formation of double emulsions is given in Figure 1 to understand the
formation of double emulsions by two-step emulsification.
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First emulsification: Ultrasonication

Sonication w, / O nano-emulsion
probe stabilized by silica shell

Oil (O) + PGPR
+ Silica precursor
Water 1 (w,)

+ CacCl,

Second emulsification: Rotor / stator or Spontaneous emulsification

[ ———
+ Water 2 (W,)
+ Nonionic
surfactant Stable w, / O / W,
double emulsion
or double nano-emulsion

Figure 1: General process of the formulation of the double droplets and double nano-droplets
stabilized by silica shell. First emulsification is the formulation of the primary reverse nano-
emulsion for which water / oil interface is stabilized by both PGPR and silica shell. Second
emulsification is done either by a rotor / stator apparatus (Ultraturrax®) for micro-double

emulsions, or by spontaneous emulsification for double nano-emulsion.

The figure is retrieved from the work of Akram et al and shows the formation of double emulsion

at both micro and nano scale formation by two step method.
3. Stability of double emulsions

Despite having many advantages, the double emulsions use is mainly limited because of their
instability. The stability of double emulsions has been studied over many years and there is a lot
of literature on stability of double emulsions. Below, there are some of the most recent and
important representative studies. These studies give a comprehensive view of some important

stability criteria of double emulsions.

In 1998, Ficheux et al [7] studied some of the important features of the stability criteria of double

emulsions. They identified two different type of instabilities
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a. Coalescence of the small inner water droplets with the globules surface

b. Coalescence between the small inner droplets inside the globules
They proposed that conversion from double to simple emulsion is exclusively due to coalescence
of internal droplets with the large globule interface. Indeed, there is no detectable solubility of the
oil soluble surfactant into water within exploration range of the water soluble surfactant
concentration. Coalescence requires the formation of hole, which is associated with the activation
energy Ea.

They showed that hydrophilic surfactant concentration in external phase and internal droplets as
well as increasing the droplet diameter and temperature significantly increase the coalescence rate
and conversion from double to simple inverse emulsion can be done from several months to few

hours.

In 2001, K. Pays et al [9] investigated stability of double emulsions and proposed two methods

that leads to release of chemical substances in surfactant stabilized double emulsions

a. Coalescence of thin film separating internal droplets from globules
b. Compositional ripening which occurs due to diffusion or permeation of the chemical
substances across the oil phase

Firstly, the concentration of hydrophilic surfactant (Ch) in double emulsions can have an impact
on the stability of the double emulsions. When the hydrophilic surfactant concentration (Cn), is
less than critical micellar concentration (CMC) double emulsions are stable and there is no
structural evolution even after few days of storage. While when the concentration of hydrophilic
surfactant Ch=10CMC, the double emulsions takes almost five hours to be converted to simple
inverted W/O emulsion. Coalescence of internal aqueous droplets on globule surface leads to this
conversion.
Later on in 2003, Héctor Gonzalez-Ochoa et al [10] also studied the coalescence phenomenon in double
emulsions and they proposed that coalescence takes place in two different stages. In this study,
hydrophilic surfactant concentration was increased up to 30 CMC and evolution of globules with
respect to time was noted. Inner droplets escape due to coalescence and globule is shrunk in size and
some of the inner droplets merge to form large droplet and eventually that too escape from the globule.

By varying the concentration of surfactant the time for this destruction can be varied.
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The coalescence happens very similarly for globules of different size being faster for the smaller
ones.

The two stages of coalescence were identified although coalescence is thought to be instantaneous.
In the first stage of the coalescence the external oil-water interface breakage takes place the oil
enveloping the water peels off and transient water in water emulsion is formed. This leaves the
water droplet immersed in continuous water phase supported by the film of oil and surfactants. In
the second stage the film made of oil and surfactants thins continuously and breaks eventually to
release inner water droplet content into the external water. The droplets close to the globule surface
can exit early as compared to those that are in center of the oil globule. The time span for the first
stage is determined by the properties of the oil phase such as viscosity, surface tensions, initial and
final curvature and so on. The time span for the second stage depends on formulation of a film of
oil and surfactants around the water and its properties such as thickness, structure and molar

composition.

Carlos H. Villa et al [29] studied the instability due to internal coalescence in details. They showed
that hydrophobic emulsifier promotes the stability of the double emulsion by creating a thickened
adsorbed layer. This layer creates repulsive forces between the inner water W1 droplets or a droplet
and the O/W2 interface. While the ionic and nonionic hydrophilic emulsifier have a destabilizing
effect. Internal coalescence to occur before external coalescence, the hydrophilic surfactant must
be more concentrated at the inner W1/O as compared to W2/O. Moreover, the internal coalescence
will happen only when the overall hydrophilic surfactant is more in W1 as compared to W2. This
higher surfactant in the oil layer can be present because of higher interfacial area to volume ratio

of water W1 as compared to W2.

Martin Chavez-Paez et al recently studied the time evolution of double emulsions as interplay of two
coalescence processes namely internal and external coalescence. They were able to identify four
different regimens of this time evolution. In the first regimen, external coalescence was high due to
presence of large internal droplets and their collision with the globule surface. At this stage the globule
volume decrease significantly. During this inner water droplets also start to merge to form bigger
nuclei. Later on, in second regimen as all the water droplets close to the surface of the globules are
released so external coalescence rate becomes lower. In this case, the most of the inner droplets united

together and form bigger droplets. There was no difference in the globule
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diameter and only evolution is in texture of globule due to inner coalescence of droplets. In the
third regimen, these bigger droplets of many micrometer settle down at the bottom of the globule
and eventually leave the globule and we observe again a decrease in the diameter of globule. In
the fourth regimen, as most of the droplets have left already the globule so we do not observe any

significant internal coalescence.

These four stages can be better differentiated in case of smaller globules as in case of larger
globules there are lot of inner droplets and the change in size is smooth. Moreover, the
predominance of these two coalescence procedures over one another leads to different evolutions
and this predominance depends on the surfactant compositions of both the interfaces. Such
compositions are difficult to assess experimentally [30].

In another set of studies, Schuch et al [31-33] and her team tried to understand the coalescence in
double emulsions by various other aspects. It was shown that coalescence of inner droplets could
only be observed when there is second surfactant in the continuous phase. Choice of surfactants
also impact on the stability of double emulsions. Moreover, coalescence is independent of double
emulsion droplet deformation and break up. Coalescence does not take place within seconds but
can be observed over several minutes. This implies that instabilities in double emulsion does not
governed by process conditions but rather are an intrinsic consequence of formulation. Moreover,
the coalescence of the droplets is only indirectly influenced by process parameters and
emulsification devices as these different processes can produce droplets with different geometrical
parameters. These geometrical parameters such as inner and outer droplets size strongly effect the
coalescence. Lastly, they showed that usage of biopolymer does not necessarily guarantee on
stabilizing the double emulsion by impacting on coalescence of the droplets produced and it varies

from one to another biopolymer.
4. Stability of double emulsions at nano scale

The stability of double emulsions can be assessed in number of ways. For instance, increase in the size
of internal droplets or external globules on storage for longer duration. In determining the stability,
encapsulation efficiency is one of the major criteria when it comes to double emulsions at nano scale.
The stability constraints has limited the formulation of double emulsions at micro scale[20]. In

literature, Double emulsion formulations at the nanoscale are widely reported [21-23,
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34, 35].However, these efforts did not gave deep insights into the improved encapsulation
efficiency at nano scale or co-encapsulation of hydrophilic and lipophilic entities.

During my PhD, | have performed two studies related to double emulsions [11, 20]. These studies
used a two-step method approach for creation of double emulsions at nano scale. The first step is
creation of W1/O emulsion by high energy method followed by second step in which W1/0/W2
emulsion at nano scale is created by low energy method. So, we did transposition of classical
method of generating double emulsions at micro scale by two step method approach to create
double emulsion at nano scale. The first method involves the increase in stability by
polymerization of inner aqueous phase while the second study reported the improvement in
stability of double emulsions by reinforcement of inner aqueous with silica shell.

In first study, primary Nano-emulsions [20], W1/O was made by high pressure homogenizer
(Microfluidizer®). The formulations of primary emulsion were mainly dependent on the formulation
composition. The surfactant concentrations of more than 7%, and higher viscosity of the dispersed
phase leads to reduction in size and hence increase in stability of primary emulsion droplets. The
second step of the process was the low-energy emulsification of this primary nano emulsion, giving
rise of double Nano-emulsion W1/O/W2, and the characterization of the leakage of an encapsulated
small hydrophilic molecule (CF). We showed that the encapsulation efficiency

(EE) can strongly differ in function of the formulation parameters like the polymerization of the
inner aqueous phase leads to higher encapsulation efficiency and hence higher stability. We took

very interesting images by confocal and cryoTEM Figure 2.
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(Figure 2: Fluorescence confocal microscopy of wl (p.)/O/W2 double nano-emulsions.
Carboxyfluorescein (CF) and lipophilic cyanine 5 (CY5LP) are used as hydrophilic and lipophilic
model dyes, respectively. CF control is double nano-emulsions containing only CF in aqueous

core, and CY5LP is a nano-emulsion only containing CY5LP in oil phase.)

Figure 3: Cryo TEM micrographs of w1 (p.)/O/W2 double nano-emulsions. The darkest areas are

the supporting lacey film.
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The second study by us involves another novel technique for enhancing encapsulation efficiency.
The double emulsion at nano scale was formed by two step method combining ultrasonication and
spontaneous emulsification for primary and double emulsion respectively.

The system showed higher encapsulation efficiency and higher stability at both micro and nano
scale when the primary emulsion droplets were reinforced by silica coating. Silica precursors were
added to primary emulsion oil phase which created strong shell and protected the leakage of inner
droplets on secondary emulsification to form double emulsions at nano scale. The study showed
that modulating the silica membrane thickness (by playing on the formulation parameters) can
result in modulating the encapsulation efficiency (up to hundred percent encapsulation), size and
release kinetics. The following micrographic images show the double emulsions produced at micro

and nano scale respectively.
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Figure 5: Optical observation of control emulsification without primary emulsions O/W2 (a), of
the double emulsion w1/O/W2 without silica precursor (b), of the double emulsion w1/O/W2 with
2.5 wt.% APTES (c) and with 10 wt.% APTES (d) (¢_V”(Oil phase)=20 % and [Kolliphor ELP®]
=25 %).

The above figure shows the double emulsions at micro scale, without and with different amount
of silica precursors. This multiple structure is reserved at nano scale too which is shown in

following TEM images.
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Figure 6: Transmission electron microscopy of double nano-emulsions for different concentrations
of APTES, (a) 10 wt. %, (b) 2.5 wt. %, and (c) control without APTES.

The TEM images showing preservation of double emulsion structure even at nano scale when

using silica precursor. In part (a) we can see multiple inner droplets inside the oil phase.
5. Applications of double emulsions

Adjuvant drug carriers which can carry both hydrophilic and lipophilic components in the same
system are very interesting from drug delivery point of view. Components of different nature if
combined in a single system can be advantageous as they can enhance the efficacy of the drug as
well they can give synergistic effect. Core shell polymers, conjugate polymeric nano particles as
well as liposomes are all efforts to take additional benefit from such adjuvant drug carrier system.
The major drawback of all these systems is however their low encapsulation efficiency [14, 17,
36-40].

To meet the need of adjuvant therapy double emulsions appear as practical alternate solution. The
double emulsion system ensures higher encapsulation efficiency of both hydrophilic and lipophilic
entities as the system is itself constructed by these two type of phases. That is why, double
emulsions have attracted attention of scientists around the globe over the past thirty years and their

potential in drug delivery, cancer therapy and vaccine development has been explored.

Double emulsions have a wide use in field of pharmaceuticals. They are normally exploited to

encapsulate the anticancer drugs [12, 17, 41-43]. In addition to their use as anticancer agents they
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are used for loading of active compounds [44], to encapsulate the water soluble dyes [45],
antifungal drugs [46], to antidiabetic actives [15], plant bioactive [16], food ingredients [19],
vaccines [13].In addition to their applications in pharmaceutical field as drug carriers they are also
used for purification of hydrocarbons [47], for enzyme immobilization [48] and for treatment of
drug overdose [49].

6. Research Projects

The next chapters contains published version of two research projects (discussed briefly above)
completed during my PhD that are described in summary above.
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A new method for the formulation of double nanoemulsions
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A new method for the formulation
of double nanoemulsions

Shukai Ding,a Nicolas Anton,*bc Salman Akram,bC Meriem Er-Rafik,a Halina Anton,d
Andrey Klymchenko,d Wei Yu,a Thierry F. VandammebC and Christophe A. Serra*&le

Double emulsions are very attractive systems for many reasons; the most important of these are their capacity to
encapsulate hydrophilic and lipophilic molecules simultaneously in a single particle and their potentiality to protect
fragile hydrophilic molecules from the continuous phase. Double emulsions represent a technology that is widely
present down to the micrometer scale; however, double nano-emulsions, with their new potential applications as
nanomedicines or diagnosis agents, currently present a significant challenge. In this study, we propose an original
two-step approach for the fabrication of double nanoemulsions with a final size below 200 nm. The process consists
of the formulation of a primary water-in-oil (w1/O) nanoemulsion by high-pressure homogenization, followed by the
re-emulsification of this primary emulsion by a low-energy method to preserve the double nanostructure. Various
charac-terization techniques were undertaken to confirm the double structure and to evaluate the encapsulation
efficiency of a small hydrophilic probe in the inner aqueous droplets. Complementary fluorescence confocal and
cryo-TEM microscopy experiments were conducted to characterize and confirm the double structure of the double
nanoemulsion.

7-9 10,11

polymer nanoparticles, core—shell polymer nanoparticles, and

Iiposomes.]'2 Even if, theoretically speaking, these solutions seem to

Published on 16 January 2017.

Aqueous core nanovectors have attracted considerable research over
the past quarter of a century due to their ability to form barrier
globules suspended in an aqueous phase, which in turn contain

smaller dispersed aqueous droplets.173 Such a complex structure results

in a multifunctional nanocarrier that is able to encapsulate hydrophilic
molecules, hence this presents a huge potential for pharmaceutical
application. Double emulsions, that is to say water-in-oil-in-water, present
the great advantage of allowing co-encapsulation of hydrophilic (in the
inner aqueous compartments) and lipophilic

molecules (in the lipophilic envelope).4’5 The combination of several

components with different natures in one single carrier is a propitious
solution with respect to improving the efficiency of treatment, produ-cing

a synergistic effect in situ. Thus, to satisfy this need, a variety of
vehicles have been designed, such as conjugated
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fulfill the specifications of co-encapsulation, their main limitation
remains their encapsulation efficiency. This point emphasizes the
need to accelerate research efforts to create efficient multifunctional
nanocarriers.

Double emulsions appear as a rational and pragmatic system in this
scenario. This system not only meets the requirements for cocktail
therapies but, directly using hydrophilic and lipophilic phases,
guarantees the best possible encapsulation efficiency of both
hydrophilic and lipophilic molecules. This is one of the main reasons
why double emulsions triggered substantial inter-est with respect to

pharmaceutical applications, such as drug delivery,13 cancer

therapy, 14 and vaccines.

However, up to now, the formulation constraints only restricted the
fabrication of double emulsions at the micro-scale. This is due to the
instability of the double structure when the size reaches scales lower than

100 nm,lG’17

pressure in the inner aqueous droplets. Different strategies were used to
reinforce the double structure and stabilize the particle, such as replacing
the oil phase with a lipophilic polymer/solvent phase (using PLA,
poly(lactic acid)), which gave rise to a water/poly-mer/water vehicle that
encapsulated hydrophilic proteins (HSA, human serum albumin) at around
20-30% without co-encapsulation

which is probably due to the great increase in the Laplace

of the lipophilic component in the PLA phase.18 Another example

described the formulation of double
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nanoemulsions stabilized with very specific block copoly-peptides;
however, no further information was provided on encapsulation
efficiency, yields, and the potential loading of the hydrophilic

molecules19 Another reported mechanism for obtaining a nano double
emulsion is cavitation, which was applied for the nanoencapsulation of an

amti-im‘lammatory.20 In spite of some reported examples, the production
and industrial scale-up of nano-sized double emulsions with very high
encapsula-tion efficiency remains a challenge.

A microscopic water-in-oil-in-water double emulsion was first

observed in 1925,21 when W. Seifriz researched the effects of changing
the specific gravity of the oil phase and the type of electrolyte on the type
of emulsion. Since then, the synthesis and applications of double
emulsions have been extensively investigated, and different methods of
preparation have been developed. In general, double emulsions are
prepared via two steps: the w1/O emulsion is first prepared as a primary
emulsion, and then this primary emulsion is used as the oil phase with
another aqueous phase in order to formulate a direct second emulsion,

Wl/O/\N2.22’23

In the present paper, the formulation of double nano-emulsions is
envisaged through transposing the classical method undertaken for the
fabrication of double emulsions to processes normally followed to
generate nanoemulsions. It follows that the two dispersed phases are
generated separately; the first emulsification provides the reverse

emulsion, w1/O, followed by a second emulsification giving

w1/O/W2. Similarly, for micro-scale double emulsions, this
methodology aims to ensure the best encapsulation efficiency;
however, since the compositions of the two aqueous phases are
different, special care needs to be devoted to the study of stability,
drug leakage, and the equilibrium osmotic pressure.

This transposition requires that the process integrates several
constraints; the primary emulsion should present a size typically
below 50 nm, which is small enough to allow the second
nanoencapsulation and stable enough to undergo a second
emulsification process without breaking. The nano-emulsion

formulations are divided into high energy and low-energy methods,24

where high-energy methods involve the use of specific devices such as
sonication or high-pressure appara-tus (e.g. high-pressure

homogenizer or Microfluidizers) and low-energy ones use the
physicochemical properties of the components to generate stable
nanoemulsions.

Herein we focus on the development of a general emulsifica-tion
method to obtain and understand the formulation of a double

nanoemulsion through a two-step method. The primary wi1/O
nanoemulsion was stabilized by low-HLB surfactants and generated

with a high-pressure Microfluidizer®. Then, a double nanoemulsion
was formulated by using a classical low-energy emulsification
process and simply replacing the oil phase with the primary

emulsion.25 In order to improve the encapsulation efficiency, the
inner aqueous nanodroplets were polymerized by acrylamide to form
polyacrylamide hydrogel. Evaluation of the double structure was
performed by cryo-transmission electron microscopy (cryo-TEM)
and fluorescence microscopy, and the encapsulation efficiency within
the aqueous inner compartment

View Article Online

Soft Matter

was characterized by using a hydrophilic fluorescent probe placed in
the first water phase.

Methods and materials
Materials
The medium-chain triglyceride used in the preparation of nanoemulsions

was exclusively Labrafac® WL 1349 (Gattefosse” S.A., Saint-Priest,

France), a mixture of capric and caprylic acid triglycerides, as a model
parenteral-grade oil. The use of such an oil helps to avoid Ostwald

ripening of the droplets.26 Non-ionic  surfactant (polyglycerol
polyricinoleate, PGPR, Pan Oil PGPR E476), which was used as a low-
HLB surfactant (HLB = 1.5 0.5) for the preparation of the primary
nanoemulsion, w1/O, was kindly gifted by Ste"arinerie Dubois (Boulogne-
Billancourt, France). PGPR is a lipophilic stabilizer that is used in many
formulations, and it is generally recognized as safe for human

consumption by the FDA. Non-ionic surfactant, Kolliphor ELP® (BASF,
Ludwigshafen, Germany), is a polyoxyethylated-35 castor oil (HLB = 12—
14), which was used as a hydrophilic surfactant in the secondary
emulsifica-tion. Maltodextrin C* Dry 01915 (MD) was kindly provided
by Cargill (Saint-Germain-en-Laye, France). MD is a polysaccharide that
is generally used as a food additive. Genocure* DMHA was provided by

RAHN (USA), and 5(6)-carboxyfluorescein (CF), N,No-methylene-
bisacrylamide (MBA), acrylamide, potassium phos-phate monaobasic,
and sodium hydroxide were purchased from Sigma-Aldrich Chemical
Company (Saint-Louis, USA).

Preparation of carboxyfluorescein solution

A given amount of CF was added to PBS (pH = 7.4 UPS), which
resulted in a drastic decrease in pH. Sodium hydroxide solution (0.1
M) was used to increase the pH until a completely trans-parent brown
CF solution was obtained. Then, sodium hydroxide solution was
continually added until a pH of 7.4 was reached.

Preparation of primary emulsions w1/O by high-pressure
microfluidizer

Let us focus on one of the most efficient high-pressure devices, which

isthe Microfluidizers (Microfluidics Corp., Westwood, MA, USA)27
and precisely the lab-scale model, LV1. This works on the principle
of injecting a coarse emulsion (premixed aqueous phase and oil phase)
into an interaction chamber at a high pressure of up to 1200 psi. A
decrease in the size of the emulsion droplets results from the great
shear forces, which are supported by the special structure inside the
interaction chamber. Microfluidizers have been used in the

pharmaceutical industry.28’29 The first step is the preparation of the

inner aqueous w1 and oily phases. The aqueous w1 phase contains
maltodextrin (C* Dry 01915), Milli-Q water or PBS, and a fluorescent
probe (CF solution). Other additives, such as poly-merizing agents,
crosslinkers, and initiators, can potentially be added. The oil phase

was prepared by mixing the oil Labrafac wLS and PGPR. The
proportions of the different components as well as the volume fraction
of the dispersed phase were the subjects of a part of the study. Both
phases were roughly mixed
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in a 50 mL Falcon-type flask with a volume around 10 mL. This coarse
emulsion was mixed in a vortex for 1 min and then placed in a
thermomixer (Eppendorf Thermomixer C, French) at 1000 rpm and

50 1C for 3 min. The premix was completed using an Ultra-Turrax®

instrument (IKA T25M, Germany) operating at 24 000 rpm for 3 min.
Next, the premix obtained was directly injected into the

Microfluidizers, operating at 1200 psi, to obtain the wi1/O
nanoemulsion after one passage. These stages aim to impact on the
reproducibility of the experiments in order to ensure that all the
premixes formulated and intro-duced to the high-pressure device were
formulated under the same conditions.

On the other hand, complementary to this first formulation process, a
second strategy was developed that involved poly-merizing the aqueous
droplets to further reduce the risk of leakage. These

agents were monomers (acrylamide) plus a crosslinker (N,NO-
methylene-bisacrylamide) and a photoinitiator (Genocure* DMHA).
The polymerization was performed by UV-irradiation (Hamamatsu
Lightningcure LC8 operated at 365 nm) in a residence loop of 20 cm
for typically 120 s, which was achieved by passing the primary
emulsion through a PTFE tube. The light intensity was ca. 140 mW

cm 2 for all formulations and this was measured with a light power
meter (model C6080-13, Hamamatsu).

Nano double emulsions produced by low-
energy nanoemulsification

Once the primary emulsion is generated, it is used as the oily phase
for the low-energy emulsification process with or without
reinforcement of its structure by polymerization. Low-energy
emulsification takes advantage of the intrinsic physicochemical
properties of the surfactants, co-surfactants, and excipients in the
formulation in order to promote dispersion of the oil phase within the
continuous aqueous phase at the nanometric scale. Several low-
energy nanoemulsification methods have been described, such as
spontaneous emulsification and phase-inversion temperature
methods, but these were recently shown to be based on similar

.30 N L.
mechanisms.™ " In general, a nanoemul-sion is formed by mixing an
aqueous phase (which can be pure water) with an oily phase
containing a high-HLB non-ionic surfactant (which is fully miscible
under certain temperature conditions). When these phases are mixed,
the water-miscible surfactants diffuse into the water phase; this may
occur so rapidly that turbulence is generated along with spinodal-like

decomposition, which causes oil nanoscale droplets to form.31

It is noteworthy that the mechanism of double emulsifica-tion is
not related to emulsion phase inversion; even though a literature

report32 proposes an accurate description of the relationship between

emulsion inversion phenomena and the formation of double
emulsions, this is not the case here. Emulsion phase inversion is
generally used to produce O/W nanoemulsions; namely, the
transitional phase inversion method utilizes the temperature (at
constant composition) to create the best conditions for producing the
nanoemulsifica-tion. On the other hand, the so-called catastrophic
phase inversion method utilizes the composition (volume fraction of
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dispersed phase at constant temperature) to induce the emulsion phase
inversion. Besides these two methods, it is important to mention that phase
inversion can also occur because of hydrodynamic phenomena

and notably as a result of stress induced by the flow.32735 Therefore,

since multiple emulsions commonly form before the emulsion phase
inver-sion due to interfacial instabilities causing changes in the
surface concavity and giving rise to inclusion of the continuous phase

within the droplets,36 it is important to note that a hydrodynamic
phenomenon can generate multiple emulsions without changes in

temperature or composition.32 However, it is likewise important to
note that such multiple emulsions that are formed before emulsion
phase inversion remain as inter-mediate states and rapidly destabilize,
e.g. once emulsion inversion is complete. The process developed in
the current study is different because it is based on a two-step
procedure. This is designed for the formulation of stable double struc-
tures, specifically encapsulating materials in the inner aqueous
droplets that are not mixed with the continuous phase, and the inner
droplets are not mixed with the continuous phase at any point in the
process.

The aim here was to transpose the low-energy nanoemulsi-fication
method to fabricate double emulsions using the primary emulsions as the
oil phase; it was assumed that low-energy emulsification would be a
smooth method that preserved the inner droplet structure. Thus, low-
energy nano-emulsification was performed by mixing a primary emulsion
with high-HLB non-ionic surfactant at room temperature and then rapidly
pouring PBS into it. This system was then rapidly homogenized (vortex)
to produce double nanoemulsions. We note that the vortex was used herein
to optimize the homo-genization of the samples and not for
nanoemulsification. Similar results were obtained

using magnetic stirring instead of a vortex.3 The dispersion
properties, size, and polydisper-sity index (PDI) were closely linked
to the relative proportions between the different components, which
are defined as:

(i) high-HLB surfactant/primary emulsion weight ratio: SOR = 100

Wsurfactant/ (Wsurfactant + Woil), where w indicates the weight of the
different compounds, and (ii) surfactant + oil/water

weight ratio: SOWR = 100w /(w +

surfactant+oil surfactant+oil

water
The influence of the SOR was studied, whereas the SOWR was kept
constant at 40% throughout this study; since its influence is negligible
it only impacts on the droplet concentration to a reasonable extent (see
ref. 25 for more details).

Characterization of primary nanoemulsion

Nanoemulsion-sized distributions were assessed by dynamic light
scattering (DLS, Malvern ZS90). The primary emulsion was collected

from the outlet of the microfluidizer and diluted with Labrafac WLS. The
concentration of CF effectively present in the primary emulsion was
determined by destroying a sample of the dispersion by heating it at 70 1C
for 10 min along with the addition of hydrophilic non-ionic

surfactant (Kolliphor ELPS) (at a ratio of 1 : 1). Centrifugation (14
000 rpm, 20 min, Eppendorf Minispin Centrifuge) was then performed
to allow collection of the aqueous phase at the bottom of the flask. The
supernatant
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was removed and washed with dichloromethane three times. The
dichloromethane was then completely evaporated, and the CF was
dissolved in PBS and quantified with UV spectrometers. This
quantification method was followed for every primary emul-sion
formulated and was performed in triplicate.

Characterization of double nanoemulsion

Likewise, the size distribution of the double nanoemulsion was
determined by DLS after dilution with PBS. Evaluation of the fraction

of CF encapsulated in the inner aqueous w1 phase of the double
nanoemulsion was performed by separation of the double
nanodroplets from free dye that potentially escaped in the external
water phase, W2. This separation is achieved by size exclusion

chromatography using a desalting column (PD-10 SephadexS G-25
M, GE Healthcare). Before injection of the sample, columns were
equilibrated with 25 mL of PBS (also used as an eluent), and 0.8 mL
of the sample was deposited. We observed a clear boundary of pure
PBS between the first passage of the double nanoemulsions (milky)
and the free dyes (colored), which ensured the efficiency of the separa-
tion. The concentration of free CF was finally assessed by UV
spectrometers (experiment done in triplicate), giving the encap-
sulation efficiency EE as follows:

W W

EE Y4 tot:  free
—wW
tot:

where wtot. and wiree are the weight of the total amount of CF in the
primary emulsion and the weight of the unencapsulated CF,
respectively. The EE values were quantified by UV spectro-
photometry for the free fraction after separation with size exclusion
chromatography. The double structure of the emulsion was imaged by
cryogenic transmission electron microscopy (cryo-TEM) after

performing sample dialysis to remove free surfactant in W2 (1 mL

sample into the dialysis membrane, Spectra/PorS, Spectrum Europe
B.V., Breda, the Netherlands, cut-off 12 kDa, immersed 50 mL PBS
for 12 h).

The double nanoemulsion structure was further character-ized by
confocal microscopy. By adding a lipophilic fluorescent probe in the oil
phase in addition to CF in the aqueous inner compartments, this
characterization technique aims to show the co-localization of the two
dyes. Double nanoemulsions were loaded with extremely hydrophobic
cyanine dye, CY5LP. This dye was prepared as reported

in previous studies.” ~ Briefly, small hydrophilic counter ions (i.e.

perchlorate) of a cationic cyanine dye, 1,10-dioctadecyl-3,3,30,30-

tetramethylindocarbocyanine (Dil), were replaced with a bulky
hydrophobic tetraphenylborate (TPB) anion to form CY5LP. Double
nanoemulsions were deposited in an 8 well imaging chamber (Ibidi,
Biovalley) and imaged with a confocal microscope (Leica SP2) using
a 20 dry objective (Leica). CF was excited with a 488 nm laser and
the emitted fluorescence was detected in the spectral range 500-550
nm; on the other hand, CY5LP was excited with a 632 nm laser and
the emitted fluorescence was detected in the spectral range 650—710
nm.

Cryo-TEM experiments were performed on double nanoemul-
sions. The primary emulsions correspond to entry 2 of Table 2,
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and the double emulsion was formulated by adopting SOR = 30 wt%.

Then, the sample was dialyzed for 24 h (Spectra/PorS, Spectrum

Europe B.V., Breda, the Netherlands, cut-off 12 kDa) to remove free
surfactants. The vitrification of the samples was carried out with a
homemade vitrification system. The chamber was held at 22 1C and
the relative humidity at 80%. A 5 mL drop of the sample was
deposited onto a lacey carbon film covered grid (Ted Pella), which
was rendered hydrophilic using an ELMO glow discharge unit
(Cordouan Technologies). The grid was automatically blotted to form
a thin film that was plunged in liquid ethane held at 190 1C with liquid
nitrogen. In this way, a vitrified film was obtained, in which the native
structure of the objects was preserved. The grid was mounted onto a
cryo holder (Gatan 626) and observed under low-dose conditions with
a Tecnai G2 microscope (FEI) at 200 kV. Images were acquired using
an Eagle slow scan CCD camera (FEI).

Results and discussion

As theoretically described above, the formulation of a double
nanoemulsion is a multistep process, which is schematically
illustrated in Fig. 1. Two formulation conditions were investi-gated:
without (process (1)) and with (process (2)) polymeriza-tion of the

aqueous inner wi phase. In the first section below, we will focus on the
influence of the composition and formula-tion parameters on the
properties of the primary emulsion, w1/O. In process (2), acrylamide,
MBA, and DMHA are added to the carboxyfluorescein solution to convert
the aqueous nano-droplets of the w1/O nanoemulsion into hydrogel after
UV polymerization. The inset of Fig. 1 shows photographs of the primary

emulsions before and after their passage into the MicrofluidizerS and after
polymerization. The premix appears completely turbid while the reverse
nanoemulsion, w1/O, and the

polymerized reverse nanoemulsion, wi(p.)/O, appear clear and
translucent.

Impact of the composition on the properties of the
primary nanoemulsion w1/O

To summarize, the aqueous phase is composed of Milli-Q water,
maltodextrin (thickener), carboxyfluorescein (probe), and potentially
acrylamide (monomer), crosslinker (MBA), and photoinitiator

(DMHA). The oil phase is composed of Labrafac wLS (medium-
chain triglycerides) and PGPR (low-HBL stabilizer). We investigate
the influence of the composition of these different components on the
size and size distribution of the w1/O nanoemulsions; the results are
shown in Table 1. The different entries are sorted by size to emphasize
the potential impact of the formulation parameters on the
nanoemulsion properties.

Overall, the nanoemulsification process appears to be efficient,
resulting in hydrodynamic diameters between 200 nm and ca. 50 nm
along with PDI values varying from 0.15 to 0.05; this confirms the
good monodispersity of the suspension. The most important parameter
affecting the size of the nanodroplets is the surfactant concentration.
Increasing the weight content of PGPR induces a decrease in the size
of the aqueous-phase nanodroplets
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Table 1 Compositions and sizes of the primary emulsions in process (1)

Fig. 1 Schematic drawings of the two-step processes to produce either fluorescent double nanoemulsions (process (1)) or fluorescent double nanohydrogels

(process (2)). In the first process, the premix emulsion is injected into the high-pressure Microfluidizer® to obtain a primary emulsion of water nanodroplets
in the oil phase (w1/0), which is then used in the low-energy emulsification to obtain the double nanoemulsion (w1/O/W?2). In process

(2), the premix emulsion containing acrylamide, photoinitiator, and crosslinker is injected into the high-pressure Microfluidizer® to obtain a polymerizable
primary emulsion of water/acrylamide nanodroplets in the oil phase (w1/O). Then, the primary emulsion is polymerized by UV irradiation to obtain
nanohydrogels in the oil phase (w1(p.)/O), which are then used in the low-energy emulsification to obtain double nanohydrogels (w1(p.)/O/W2). The inset

shows photographs of the primary emulsions before and after their passage into the Microfluidizer®

and after polymerization.
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Aqueous phase (AP) Qil phase (OP)
#Entry bUIk (%) MD (Wt% in AP) pBS? (wt% in AP) faisp. (%) Oil (Wt% in OP) PGPR (Wt% in OP) Size (nm) PDI
1 19 72 28 81 98.75 1.25 195 0.12
2 19 72 28 81 99.25 0.75 193 0.06
3 25 72 28 75 92.86 7.14 150 0.12
4 15 72 28 85 93.75 6.25 123 0.03
5 10 30 70 90 94.12 5.88 111 0.15
6 15 30 70 85 93.75 6.25 111 0.10
7 25 30 70 75 92.86 7.14 110 0.08
8 25 50 50 75 92.86 7.14 104 0.12
9 15 50 50 85 93.75 6.25 101 0.15
10 10 40 60 90 87.50 125 55 0.16
11 13 50 50 87 90.62 9.375 55 0.28
12 10 50 50 90 87.50 125 50 0.11
13 10 60 40 90 87.50 125 77 0.08

aNo CF in PBS buffer solutions.

produced by the Microfluidizer™ regardless of the viscosity (i.e.
regardless of the weight content of maltodextrin) and the weight
content of the aqueous phase. On the other hand, the weight contents
of maltodextrin in water [MD]water have a limited impact on the size
as one can observe when [PGPR]oil is kept constant at 6.25 wt%. This
result is probably correlated to the phenomenon by which the droplets
are created and stabilized during processing. The reason for the
increase in the viscosity of the aqueous phase was related to the
impact of the viscosity ratio

on the critical Weber number Wec, which shows a minimum for

values between 10 2 and 1.40 Based on these observations, our

methodology was empirical and we gradually increased the viscosity
of the aqueous phase while measuring the resulting size distributions
of the reverse nanoemulsion. With a minimum maltodextrin weight
content of 30 wt% in the aqueous phase, this is precisely what we
obtained. The other key parameters are the weight contents of the
aqueous phase and PGPR in oil. These parameters will influence,
respectively, the number of droplets
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Table 2 Compositions and sizes of the primary emulsions used in low-energy emulsifications in process (2)

Aqueous phase (AP) Qil phase (OP)

foux  MD PBS CF AM MBA DHMA faisp.  Labrafac PGPR Size
#Entry (%) (Wt% in AP) (Wt% in AP) (mMinPBS) (wt% inPBS) (wt% in AM) (Wt% in AM) (%) (wt% in OP) (wt% in OP) (nm) PDI
1 10 50 50 50 — — — 90 87.50 125 58 0.17
2 10 50 50 50 40 10 5 90 87.50 125 50 0.3
3 10 50 50 200 40 10 5 90 87.50 125 53 0.23
4 10 50 50 50 40 2 5 90 87.50 125 47 017

created and their potential stabilization before coalescence during
emulsification. This clarifies the effect of the PGPR concentration on
the resulting size of the droplets, which is due to better stabilization
of the nanodroplets after generation.

For process (2) (Fig. 1), the resulting polymerizable primary emulsion
was then pumped through PTFE tubing (1.6 mm ID), which was placed
inside a 20 cm long stainless tube with both ends connected by means of
two T-junctions (Swagelok, France) to the two light waveguides of a UV
source (Lightningcure LC8, Hamamatsu, Japan) operating at a
wavelength of 365 nm and a suitable intensity

(ca. 140 mW cm 2). At such settings, the residence time of the primary
emulsion under the UV light was about 120 s, which was sufficient to
polymerize acrylamide inside the nanodroplets, resulting in the
formation of nano-hydrogels in oil due to the presence of the MBA
crosslinker. The sizes and PDIs of the obtained polymerized primary
nanoemulsions as determined by DLS measurements are reported in
Table 2.

From this table, it can be seen that the presence of the fluorescent
contrast agent (CF) and the polymeric compounds (AM, MBA, &
DHMA) does not significantly affect the size of the aqueous phase
nanodroplets (see entries 1 & 3 of Table 2 and entry 12 of Table 1 as
well as entries 1-4 of Table 2).

Synthesis of double nanoemulsions

After obtaining the primary emulsion, the w1/O/W?2 double emulsions are
prepared by a low-energy emulsion method. Since the volume ratio of
water compared to that of the primary emulsion (i.e. value of SOWR, see
above) was recognized as not having a substantial influence on the

nanoemulsion properties,25 it was fixed at 40%. On the other hand, a key
parameter influencing the droplet size is the surfactant-to-oil ratio (namely
SOR, see above). The SOR was varied from 20 to 40%, and the sizes of
the resulting double nanoemulsion are reported in Tables 3 and 4. As
expected, increasing the value of the SOR induces a reduction in the

double droplet size to below 100 nm for SOR = 40%.30'41
confirm the limited impact of the viscosity of the aqueous phase on the
process, we have investigated its effect on the size of the double droplets,
selecting

[MD]water = 40, 50, and 60 wt%. The resulting sizes and PDlIs of the
secondary double nanoemulsions for-mulated by processes (1) and (2)
are reported in Tables 3 and 4, and these show that the suspensions
are very similar regardless of the MD concentration. This indicates
that the low-energy emulsification is not affected by the oil content
but is affected by the surfactant-to-oil ratio. Once the high-HLB non-
ionic

In addition, to

Table 3 Surfactant-to-oil weight ratios (SORs) used in low-energy emul-sion
process (1) and the resulting double nanoparticle characteristics as a
function of the weight content of MD in the aqueous phase of the primary

emulsion (wz1) for process (1): 40, 50, and 60 wt%

40 wio 50 wio%? 60 wt%"

SOR  Size SOR  Size SOR  Size

(%) (nm) PDI (%) (nm) PDI (%) (nm) PDI
20 178 0.51 20 161 0.31 20 168 0.37
25 156 034 25 137 013 25 153 0.29
30 127 0.17 30 113 0.15 30 119 0.13
35 103 012 35 113 0.22 35 98 0.11
40 83 0.14 40 81 0.12 40 87 0.15

a Based on aqueous formulation of entry 10 of Table 1 containing 50 mM of 5(6)-CF. b
Based on aqueous formulation of entry 12 of Table 1 containing 50

mM of 5(6)-CF. € Based on aqueous formulation of entry 13 of Table 1
containing 50 mM of 5(6)-CF.

Table 4 Surfactant-to-oil ratio (SOR) used in low-energy emulsion process
(2) and the resulting double nanopatrticle characteristics for three
different compositions of the primary aqueous phases (w1)

Composition A Composition B Composition C
(entry #2 of Table 2) (entry #3 of Table 2) (entry #4 of Table 2)

SOR  Size SOR  Size SOR  Size
(%) (nm) PDI (%) (nm) PDI (%) (nm) PDI

30 130 021 30 145 037 30 162 0.39
35 120 021 35 133 023 35 128 0.20
40 106 022 40 116 022 40 111 0.25

surfactant (Kolliphor ELPS) is mixed with the primary nano-emulsion, it
appears to preserve the inner droplets. Then, mixing this oily phase with

PBS induces the immediate solubi-lization of Kolliphor ELPS by the
buffer and results in low-energy emulsification. The size distribution
obtained by dynamic light scattering of the primary and double emulsions
of a representative sample is reported in Fig. 2 (entry 2 in Table 2 for the
primary emulsion and composition A in Table 4, with SOR = 40 wt%, for
the double emulsion). It is interesting to note that the primary emulsions
wi(p.)/O are centered at 50 nm and

the double emulsions w1(p.)/O/W?2 reached 122 nm; these both had a
relatively good monodispersity. Even though the two distributions
appear to overlap, they are still compatible with engulfment of the
former in the latter. It is interesting to note that, like common
nanoemulsions made with triglycerides that inhibit Ostwald ripening,
the suspensions present excellent stability. After several weeks of
storage, the values were checked again and remained unchanged (data
not shown).
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Fig. 2 Size distribution (obtained by dynamic light scattering) of primary

emulsion (w1(p.)/O) corresponding to entry 2 in Table 2, and double

emulsion (w1(p.)/O/W2) corresponding to composition A in Table 4, with
SOR = 40 wt%.

Considering the whole process of double nanoemulsion formulation,
the critical question is whether the secondary nanoemulsification
preserves the inner aqueous nanodroplets. Indeed, low-energy
emulsification involves mixing oil with hydrophilic non-ionic surfactant,
which can potentially solubilize and destabilize the hydrophilic materials,
and the turbulence generated could also induce

their leakage into the bulk W2 phase. To this end, we developed a
method based on the encapsulation of a fluorescent probe, which was
easily quantified by absorption. We selected 5(6)-carboxyfluorescein
for this purpose, and this was encapsulated in the inner aqueous w1
phase at a concentration of 50 mM (200 mM was also tested for
comparison, see below). Once the double nanoemulsion was
formulated, free CF was physically separated from the double
nanodroplets by phase exclusion chromatography (PD10 Sephadex
G25), and the free portion was quantified.

The first system is the double nanoemulsion (process (1)) with
SOR = 20% and [MD] = 50 wt%, which results in quite polydisperse
droplets (PDI = 0.51) with sizes around 177 nm. The encapsulation
efficiency obtained reached ca. 19% (Table 5).
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When the droplet size was reduced and the monodispersity increased,
along with increasing the SOR (concentration of high-HLB surfactant),
the encapsulation dropped to zero. This is probably due to the
polydispersity, which allowed the bigger droplets to be less affected by the
emulsification process. A similar result was obtained from [MD] = 40
wt%, probably for the same reason. When [MD] was increased to 60 wt%,
a very slight rise in the encapsulation value was obtained, between 7 and
12%. Owing to the fact that the MD mainly

impacts on the viscosity of the w1 phase, one can imagine that this
increase in CF encapsulation may be related to the slightly higher
retention of CF during emulsification.

On the other hand, when the inner w1 phase is polymerized and turned
into hydrogel (process (2)), the double nanoemulsi-fication allows much
greater encapsulation of CF, up to about 50%. Compared to the double
nanoemulsion prepared with process (1), here the droplets integrate
monomer, crosslinker, and initiator, and we observed a limited impact on
the size of both the primary and double nanoemulsions. The hydrogel
formed probably creates a network to

trap the hydrophilic species within the inner aqueous droplets.42
According to the trend observed for process (1), increasing the value
of the SOR results in a decrease in the double droplet size (see Table
4), e.g. from 130 nm to 120 nm to 106 nm for a decrease in the SOR
from 30 wt% to 35 wt% to 40 wt%. Compared to the results for
process (1), the size and PDI are slightly increased, which may be
related to the fact that more water droplets are encapsulated inside the
oil globules. However, in any event, converting internal aqueous
droplets into hydrogels has a significant impact on the encapsulation
of the small hydrophilic probe. This gives EE values as high as 50—
60%, which are significantly higher and probably related to the fact
that crosslinked polyacryl-amide creates a water cage that slows down
the CF leakage during and after the low-energy emulsification. It is
interesting to note that the presence of crosslinker (MBA, 2 wt%) has
no influence on the results, indicating that the crosslinked

polyacrylamide chains were sufficiently packed and tangled in the w1
nanodroplets to retain CF. Another experiment was conducted by
increasing the CF concentration to 200 mM. In this case, the
encapsulation efficiency was decreased to approximately 20%. It
follows from this that the maximum encapsulation capability was

reached and the excess CF was largely expelled into the W2 bulk
phase.

To summarize, the efficient encapsulation of a small hydro-philic
probe like CF is possible by reinforcement of the inner

Table 5 Encapsulation efficiency (EE) of 5(6)-CF for different surfactant-to-oil weight ratios (SOR), with different aqueous phase compositions and the

same oil phase composition as in Table 2

SOR 40 wt% MD in AP

Aqueous phase composition/process (1)

Aqueous phase composition/process (2)

50 wt% MD in AP
50 mM 5(6)-CF in PBS

60 Wt% MD in AP
(%) 60 mM 5(6)-CF in PBS

40 mM 5(6)-CF in PBS

20 n/a 19.1 n/a
25 n/a n/d n/a
30 2.9 n/d 7.2
3% 3.0 n/d 8.1
40 2 n/d 12.2

n/d: 5(6)-CF not detected.
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droplet of the w1 aqueous phase by the creation of a hydrogel. The
synthesized crosslinked polymer chains are sufficiently closely
packed to prevent the leakage of at least half of the CF during the low-
energy emulsification, but this reaches its limit when the probe
concentration is increased. These results are relatively important since
they provide evidence of the efficient encapsulation of hydrophilic
molecules within nanoemulsion droplets. Moreover, these results
prove that the nanodispersion we obtained is compatible with the
structure of a double nano-emulsion with aqueous inner
compartments, which is the first time that this has been achieved with
a two-step formulation method.

Microscopic characterization

We have shown above that the supposed double nanoemulsions are
able to encapsulate a small hydrophilic molecule (CF) with an
efficiency that varies according to the formulation conditions. The
objective of this section is to perform further characteriza-tion that
will confirm the w1/O/W2 double structure of these nanoparticles through
fluorescence microscopy. To this end, the aqueous phase contained CF,
as in the above experiments, and the oil phase was formulated with a
lipophilic dye, CY5LP, a lipophilic form of cyanine

5, which was stabilized by lipophilic counter ions.39 The results are
shown in Fig. 3.

On the one hand, control experiments were performed with
formulations containing only one dye, either CF or CY5LP, in order
to show that the two signals do not overlap (Fig. 3, left). On the other
hand, the same acquisition was performed on double nanoemulsions
containing both dyes with two different formulations having SOR
values of 40% and 20%. The control experiments appeared very clear
and the two emission spectra were sufficiently separated to allow
differentiation between the two dyes. Regarding double
nanoemulsions containing both drugs, the aim of this experiment was
to show the co-localization of the green

CF channel

CYSLP channel

CF control

CYS5LP control
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and red signals in order to corroborate the double structure. In Fig. 3, most
of the visible nanodroplets appear to effectively nanoencapsulate both CF
and CY5LP. However, to understand the picture, one has to remember that
(i) acquisitions were performed in a liquid environment, which can
potentially allow mobility of the droplets between the two acquisitions,
and (ii) the droplet population presents a log-normal distribu-tion with
both very large droplets (high brightness) and very small ones (cloudy,
diffuse signal). Intermediate-sized droplets were still visible and were
probably subject to move-ment in the liquid medium while larger droplets
appeared to stick to the support. These results confirm that hydrophilic
molecules encapsulated in the inner aqueous core of the nanoparticles are
generally co-localized with lipophilic mole-cules, which is additional
evidence confirming the double structure of the nanoemulsions.

Cryo-TEM microscopy was finally conducted on wi(p.)/O/W?2
dialyzed samples to observe the double structure of the
nanoemulsions. The results are shown in Fig. 4; the core shell
structures are seen here with widths ranging from 10 nm up to 300 nm
(black arrow). The inner parts of the objects present a low contrast due
to the presence of water. In the background, many small objects are
seen (white arrow). The latter could correspond to polymer particles
without a core. The arrowheads correspond to the lacey carbon film.
The picture clearly reveals a core—shell structure that is evidence of
the presence of two different compositions on the same droplet,
segregated in two different locations. The core/shell structure also
indicates that the inner aqueous droplets underwent a potential
agglomeration, such as flocculation/coalescence in the center of the
double droplet. These observations appear to be of importance and
corroborate the different hypotheses ventured above on the structure
of the double nanodroplets.

CF channel

CYSLP channel

20%)

CF/CY5LP n.e. (SOR

40%)

CF/CYS5LP n.e. (SOR

Fig. 3 Fluorescence confocal microscopy images of wi(p.)/O/W2 double nanoemulsions. Carboxyfluorescein (CF) and lipophilic cyanine 5 (CY5LP) are
used as hydrophilic and lipophilic model dyes, respectively. The CF control is double nanoemulsions containing only CF in the aqueous core, and the

CY5LP control is a nanoemulsion containing only CYS5LP in the oil phase.
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Fig. 4 Image of the double emulsion solutions after cryo preparation.
Samples of wi(p.)/O/W2 double nanoemulsions were synthesized by for-
mulation of the primary emulsions in entry 2 Table 2, and the SOR was fixed
at 30 wt%. Cryo-TEM microscopy was finally conducted on wi(p.)/O/W2
dialyzed samples to observe the double structure of the nanoemulsions. The
core shell structures are seen with widths ranging from 10 nm up to 300 nm
(black arrow). The inner parts of the objects present a low contrast due to
the presence of water (indicated by the white star). In the back-ground, many
small objects are seen (white arrow). The latter could correspond to polymer
particles without a core. The arrowheads corre-spond to the lacey carbon
film.

Conclusion

The objective of this work was to create a double emulsion at the
nanometric scale by a two-step process. The first primary

nanoemulsion, the so-called reverse nanoemulsion, w1/O, was
challenging to formulate and was achieved with a high-pressure

homogenizer (Microfluidizers). The formulations of reverse

nanoemulsions were shown to be mainly related to the composition of the
system, namely to the concentration of the low-HLB surfactant (PGPR),
which was soluble in oil (medium-chain triglyceride), and the quantity of
maltodextrin in the aqueous phase, which impacted on the viscosity of the
dispersed phase. We disclosed that a combination of [PGPR]oil 4 7% and
[MD]water 4 50% is necessary to decrease the droplet size to below 100
nm, and a combination of [PGPR]oil 4 12%

and [MD]water 4 50% reduces the size to below 50 nm. The second
step of the process was the low-energy emulsification of this primary
nanoemulsion, which gave rise to the double nanoemulsion,

wi1/O/W2, and this was characterized by the leakage of a small
encapsulated hydro-philic molecule (CF). The results showed that the
encapsula-tion efficiency (EE) can differ considerably depending on the
formulation parameters, as with the final size of the double droplets
(reducing the EE) or the polymerization of the inner aqueous phase
(increasing the EE up to ca. 58%). Further cryo-TEM and fluorescence
microscopy have been conducted on the most efficient formulations and
these results corroborate the potential double

structure, w1/O/W2. We can conclude that developing a formulation
for a double nanoemulsion by a two-step approach is a significant
challenge; this was pioneered by this work, which has opened the door
to numerous formula-tions and applications.
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ABSTRACT: Delivery systems able to coencapsulate both
hydrophilic and hydrophobic species are of great interest in both
fundamental research and industrial applications. Water-in-oil-in-
water (W1/O/W2) emulsions are interesting systems for this
purpose, but they suffer from limited stability. In this study, we
propose an innovative approach to stabilize double emulsions by
the synthesis of a silica membrane at the water/oil interface of the

primary emulsion (i.e., inner wi/O emulsion). This approach
allows the formulation of stable double emulsions through a two-
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stabilize double 2 ﬂl
emulsions up to the JLa STAS0 200 nm
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step process, enabling high encapsulation efficiencies of model hydrophilic dyes encapsulated in the internal droplets. This
approach also decreases the scale of the double droplets up to the nanoscale, which is not possible without silica
stabilization. Different formulation and processing parameters were explored in order to optimize the methodology.
Physicochemical characterization was performed by dynamic light scattering, encapsulation efficiency measurements,
release profiles, and optical and transmission electron microscopies.

- INTRODUCTION

Scientific challenges in the fields of agrofoods and cosmetic or
pharmaceutical sciences have often found innovative solutions in
the form of optimized delivery systems. With the unique properties
to encapsulate hydrophilic molecules in lipid emulsions, the double
emulsions have gained an important place

in this research.” In the field of pharmaceuticals, double
emulsions can be used as oral delivery systems for vaccines,

drugs, and plant bioactives,”” = while in the food industry they
can be used as carriers for probiotics, vitamins, seasoning

agents, and extracts.4 8 In the field of nanomedicine, nanoscale
double emulsions could solve important challenges, like the
targeted delivery of hydrophilic molecules.

When aiming for a globule dispersion in the aqueous continuous
phase (e.g., in most pharmaceutical formulations), double
emulsions are formulated to be in the water-in-oil-in-water type
(w/O/W). These systems can be made through either

a single-stepg'10 or a two-step process.ll'12 In the one-step

method, internal and external water phases have the same
composition. Moreover, this method may require an additional
step of bulk purification (e.g., through a desalination column in
the case of nanosized carriers). This method is not optimized for
the encapsulation of high-added-value active compounds and
for obtaining high encapsulation efficiencies. On the contrary, in
the two-step processes (which we followed), the internal water
may be different from the external water, which

makes them more suited for optimizing the encapsulation

efficiency.lS_15

The primary w1/O emulsion must be very small, preferably a
nanoemulsion stabilized by a low HLB surfactant. Reverse

emulsion is generally obtained by a high-energy method, using
a high-pressure homogenizer or ultrasound. For the second
emulsification, several approaches can be used, but a low-
energy method may be privileged in order to prevent the
premature release of the hydrophilic material solubilized in the
internal water droplets. Indeed, high-energy methods can
destroy the Erlmary emulsion, giving rise to simple O/W

emulsions.

For many years, double emulsions have been considered to
be an emerging technology with high potential and high
interest. Therefore, a huge research effort was undertaken to
optimize double emulsions for industrial applications and scale-
up. However, to date, only a few products based on these

emulsions are on the market.4 The main issue is that their
limited stability (i.e., formulating robust double emulsions able
to conserve its specifications with respect to storage time,
appearance, texture, and taste) involves long-term physical and
chemical stability. This stability is very difficult to control in
double emulsions due to the difference in osmotic pressure
between the inner and outer water phases that should be
equalized, and the difference in Laplace hydrodynamic pressure
that tends to vanish with time and modify the morphology of
the double structure. These equilibration phenomena are also
favored by the surfactants used for the first emulsification,
which destabilize the thin liquid films between internal water
droplets. As a result, the stability
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equation is complex and highly challenging. At this point,

using a nanoemulsion as a primary w1/O emulsion can be an
interesting option as a result of the strong stability of the
nanodroplets.

On the other hand, stable double emulsions of nanometric size
(<200 nm) are difficult to obtain because the second
nanoemulsification process is very drastic in this case and the
reduced dimensions of the oil film between internal droplets and the
bulk can facilitate water transfer. Reducing the scale of the double
emulsions should allow the nanoencapsulation of hydrophilic and
lipophilic species in a single particle, compatible with parenteral
and i.v. administration. For example, such a coencapsulation of
drugs is critical for optimizing targeted therapies by the
simultaneous codelivery of anticancer species with another
complementary cytotoxic molecule, anti-inflammatory agent, or
adjuvant. Double-emulsion formulations

at the nanoscale have already been reported,12 1517,18 but
always by turning one of the liquid phase (i.e., internal water or
oil) into a polymerized matrix. Herein, we present for the first
time a liquid/liquid/liquid system keeping all advantages of
double emulsions in terms of encapsulation and release
properties, along with the advantages of nanoemulsions that
allow homogeneous dispersion and compatibility with
parenteral administration and targeted drug delivery.

In this context, the objective of the present study was to
understand the formation of double emulsions obtained with a

reverse nanoemulsion as a primary w1/O emulsion and to explore
how to improve their stability, keeping the liquid/ liquid/liquid
morphology even on the nanoscale. To improve the double
emulsion stability, the internal water/oil interface was

reinforced by a silica-based membrane synthesized in

situ.lg_28 It is noteworthy that silica material as well as silica

nanomaterials are, in general, widely used in biomedical
applications because they are considered to be biocompatible

and safe.zg_31 In the first part, micrometric-scale double

emulsions were formulated to understand the impact of the
formulation parameters on the integrity of the droplets, as
monitored by the encapsulation efficiency and leakage of a
water-soluble dye (methylene blue). The second part of the
study aimed to transpose the optimized formulation to the
nanoscale, by modifying the secondary emulsification. Double
nanoemulsions were characterized by dynamic light scattering
(DLS) and transmission electron microscopy (TEM) as well as
by measuring the encapsulation efficiencies (EE) and release
profile of hydrophilic model species encapsulated in the internal
aqueous droplets.

. EXPERIMENTAL SECTION

Materials. Oil compatible with parenteral administration (Labrafac
WL 1349) was obtained from GattefosseS.A., Saint-Priest, France.
This is a mixture of capric and caprylic acids that we used throughout
this study as the oil phase and thus as continuous phase in the primary

w1/O nanoemulsion. Polyglycerol polyricinoleate (PGPR) was kindly
gifted by Stearinerie Dubois (Boulogne-Billancourt, France), and
served as a lipophilic surfactant (HLB around 1.5) for the preparation

of a primary w1/0O nanoemulsion. This emulsifier is largely used for
human consumption, being approved for food formulation by the FDA
(Food and Drug Administration) and the JECFA (Joint FAO/WHO
Expert Committee on Food Additives). Kolliphor ELP (BASF,
Ludwig-shafen, Germany) is a hydrophilic nonionic surfactant (HLB
around

13) compatible with parenteral administration that was used as a
hydrophilic surfactant for the second emulsification step in the

32|Page

formulation of double droplets. Methylene blue, tetra ethyl
orthosilicate (TEOS), (3-aminopropyl) triethoxysilane (APTES),
and sulforhodamine 101 were purchased from Sigma (St. Louis,
MO, USA).

Methods. Formation of a Primary w1/O Nanoemulsion. The oil
phase (4.8 g) consists of Labrafac WL 1349 containing PGPR (from 1 to 35
wt %) and the silica precursor (the quantity of TEOS ranging from 5 to 25
wt % or the quantity of APTES ranging from 2.5 to 10 wt %).

The oil phase was mixed with the aqueous phase w1 (1.2 g) made of

distilled water containing CaCl2 (5 wt %). This mixture was first vortex
mixed for 1 min and then adjusted at 50 °C with gentle mixing at 100 rpm
in a ThermoMixer C (Eppendorf) for 5 min. This choice of 50 °C simply
comes from the experiment: compared to a similar experiment at room
temperature, stirring the premix at 50 °C before the stage of
nanoemulsification by ultrasonication is highly beneficial to the properties
of the resulting dispersion. The size distribution is thinner, and the sample
homogeneity and stability are improved. The reason could be linked to the
modification of the phase viscosities lowered at higher temperature,
impacting the phase viscosities ratio and thus

impacting the critical Weber number (Wec) (cf., the classical so-called
Grace curve). As a result, viscous forces may prevail over capillary forces,
and the droplet fractionation is increased. Next, this coarse dispersion was
nanoemulsified by ultrasonication (Bio block 75043, Sonics Materials,
Newtown, MA, USA) operating at 400 W, 20 kHz, 3

mm sonotrode with total operating times of 5 to 20 min (cycles of 30 s
carried out in a succession of 10 s of sonication and 20 s off).

Preparation of the Micrometric Double Emulsions w1/O/W?2.
The w1/O/W2 double emulsions of micrometric size were prepared by
mixing the aqueous phase W2 (4.8 g) made of distilled water and
Kolliphor ELP solubilized at concentrations ranging from 15 to 25 wt
%with the primary emulsion w1/O (1.2 g) playing the role of the
oil phase in the second emulsification. This mixture was vortex
mixed for 30 s and emulsified with an UltraTurrax high-speed
rotor/stator homogenizer (IKA T25 M Germany) operating at 15
000 rpm for 5 min.

Preparation of Nanometric Double Emulsions w1/O/W2. To
formulate double emulsions in the nanometric range, the second
emulsification step must be a nanoemulsification process. The oil phase
is the primary emulsion w1/O (1.2 g) directly mixed with Kolliphor ELP at
different surfactant-to-oil weight ratios (SORs) ranging from 25 to 45%.
This mixture was vortex mixed for 30 s, and the second aqueous
phase W2 (4.8 g of distilled water) was suddenly added before final
vortex mixing (3 min). This immediately generates
the double nanoemg&si%n according to the spontaneous

- =34
emulsification method.

Characterization of Primary Emulsions. All of the character-
izations of primary and double emulsions, size, encapsulation
efficiency, and release were carried out in triplicate on different
formulations.

Hydrodynamic Diameter and PDI. The hydrodynamic
diameter, size distribution, and PDI of the primary emulsions were
determined by dynamic light scattering (Malvern ZS 90, Malvern
Instruments, Orsay, France). Measurements were performed after a
suitable dilution of the sample with oil, up to the point where the
milky aspect of the sample becomes transparent, allowing the DLS
measurement. In the case of primary emulsions, the diluent was
exactly the same oil (medium-chain triglycerides, Labrafac WL

1349) used to prepare these primary w1/O nanoemulsions. In the

second case, w1/O/W2, dilution was performed only with distilled
water. The effect of dilution on the droplet size distributions was
checked by different assays at different dilutions, and (data not
shown) in both cases, the dilution does not affect the results. Each
formulation and measurement was repeated three times.

Encapsulation Efficiency. The encapsulation efficiency of primary
emulsions was measured to confirm that the methylene blue dyes are
effectively encapsulated in the primary nanoemulsion and can be totally
released. The primary emulsion is destabilized by mixing with a large
amount of Kolliphor ELP (with a weight ratio of 50:50 with respect to
the primary emulsion) and held at 90 °C for 1 h

2314 DOI: 10.1021/acs.langmuir.8b03919
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Figure 1. Formulation of the micrometric and nanometric double droplets stabilized by a silica shell. The first emulsification provides the primary
reverse nanoemulsion by which the water/oil interface is stabilized by both PGPR and the silica shell. The second emulsification is performed either
by a rotor/stator apparatus (Ultraturrax) for micrometric double emulsions or by spontaneous emulsification for double nanoemulsions.

(ThermoMixer C, Eppendorf). Then, the mixture is centrifuged for

30 min at 13 500 rpm to complete the destabilization of the w1/O
nanoemulsion and induce a phase separation. This allows the
collection of the aqueous phase at the bottom of the tube. The
supernatant was removed, and the aqueous phase was washed with
dichloromethane three times. Finally, dichloromethane was evapo-
rated, and the methylene blue was dissolved in distilled water and
quantified by absorption spectroscopy after a controlled dilution
(plate reader Safas Xenius XM). The process was repeated three
times, and averages of the encapsulation efficiency were reported
as final values.

Characterization of Micrometric Double Emulsions. Optical
Microscopy. The micrometric double emulsions were visually
characterized by optical microscopy (AXIO Imager.Al, Carl Zeiss, Marly
le-Roi, France). Different samples and controls were selected: emulsions
without a primary emulsion, double emulsions without silica precursors,
and double emulsions with silica precursors at 2.5 and 10 wt % in oil. (See
the details in the text below.) A little drop of the suspension was deposited
on the glass slide, covered with a coverslip, and observed at a magnification
of 40% (recorded with an Axiocam camera). This optical characterization
reveals the global morphology of the droplets (evidencing the double
structure) and their size distribution through size analysis with ImageJ (done
on around 100 droplets).

Encapsulation Efficiency Study. The ability of the double
emulsions to encapsulate hydrophilic molecules was evaluated through
the encapsulation efficiency (EE) value that was determined by
comparing the dye encapsulated in the emulsions with the free dye in
the bulk aqueous phase. To this end, 1 mL double emulsion samples
were taken in Eppendorf tubes and centrifuged at 13 400 rpm for 30
min. As the size of these double droplets is micrometric, their separation
is effective by a simple centrifugation. Bulk water was then collected
with a syringe, filtered on 0.45 um filters, diluted with distilled water,
and analyzed by spectrophotometry.

Stability Studies at High Temperature. To evaluate their stability,
the micrometric double emulsions were exposed to 90 °C (1 mL
samples in Eppendorf tubes set in a boiler). Stability was assessed by
following the EE loss for 30 min and 1 h, as described above.

Characterization of Nanometric Double Emulsions. Physico-
chemical Characterization. The hydrodynamic diameter and PDI
were determined by dynamic light scattering (NanoZS, Malvern), as
described above. In transmission electron microscopy, the double
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structure of the double emulsion shows a good contrast mainly because
the silica capsules and the oil have two distinct electron attenuations
and thus a distinct contrast. Samples were used without any staining
agent and were diluted (1/10) with Milli-Q water. A drop of suspension
was placed on a carbon grid (carbon type-A, 300 mesh, copper, Ted
Pella Inc. Redding, PA, USA) and dried at 60 °C for 30 min.
Observations were carried out using a Philips Morgagni 268D electron
microscope operating at 70 kV. It is noteworthy that the operating
conditions we used (70 kV) are very low compared to TEM
experimental conditions generally followed in material science (e.g.,
200 kV). This was chosen to minimally affect the samples.

Encapsulation Efficiency. As described above for micrometric
double emulsions, EE values were determined by quantifying the dye
concentration in the external bulk phase. However, as centrifugation is
not efficient for separating such nanodroplets, they were separated from
free dyes by size exclusion chromatography using a desalting column
(PD-10 Sephadex G-25 M, GE Healthcare). One milliliter of sample
was introduced into the prepacked column and then eluted using
distilled water. (About 30 mL of distilled water was first introduced into
the column for equilibration.) The elution showed that double
nanodroplets came first and then a clear boundary was observed, finally
eluting free dye. The free dye fractions were quantified by
spectrophotometry. Each formulation and measurement was repeated
three times.

Dye Release Studies. The release studies were performed by
dialysis. One milliliter of sample was introduced into a dialysis tube
(Spectrum Laboratories, 12—-14 kDa) and dialyzed against distilled
water at 37 °C, under gentle stirring at 500 rpm, in a volume of 500
mL. The samples were collected after 0.5, 1, 2, 4, and 6 h. EE values
were determined by separating and quantifying free dyes (by
spectrophotometry) and expressed as cumulative release as a
function of time.

Spectroscopy. Emission spectra were recorded on a FluoroMax-4
spectrofluorometer (Horiba Jobin Yvon) equipped with a thermo-stated
cell compartment. For the standard recording of fluorescence spectra,
the emission was collected 10 nm after the excitation wavelength. All
of the spectra were corrected from the wavelength-dependent response
of the detector. Fluorescent behavior of SR101, in Milli-Q water, was
recorded as a function of its concentration (data not shown) and
exhibited linear behavior up to 10-20 uM, which was then attenuated
at higher concentrations due to a partial quenching of
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Figure 2. Dependence of the size of w1/O nanoemulsion as a function of time and concentration of surfactant (PGPR) in oil. (a) The curves of the dependence

of the size of the w1/O nanoemulsion (¢Wa

V = 20%) as a function of the sonication time were fitted by an exponential model (details

in the text). (b) Characteristic time and (c) y intercept from the curve fits of (a) vs surfactant concentration.

SR101 induced by an ACQ (aggregation-caused quenching) effect.
SR101 is included in the inner water at high concentration (100 uM in
w1) to ensure the dye detectability for the different formulation stages
that involve its dilution. On the other hand, to prove that SR101 is not
soluble in oil, it was dispersed in Labrafac WL 1349 as follows: 2.3 mg
of SR101 was mixed in 500 uL of Labrafac WL 1349, held at 60 °C for
1 h, and then slightly centrifugated to remove nondispersed crystals,
collecting the supernatant for fluorescent measurement. Fluorescent
spectra were recorded in triplicate on three different formulations,
reporting the mean spectra in the figure.

. RESULTS AND DISCUSSION

The great interest in double emulsions, even today, remains
undeniable, probably due to the lack of appropriate solutions for
encapsulating hydrophilic materials or for coencapsulating
hydrophilic and lipophilic materials. However, because the
double emulsions are of limited stability, the present study
proposes a simple modification of the conventional two-step
preparation process used to stabilize them by reinforcing the

w1/O interface with a small silica membrane. This innovative
methodology makes it possible not only to create stable
micrometric double emulsions (of about 10 um) but also to
formulate double nanodroplets of <130 nm in diameter. The
formulation process and the structure of the formulated double
droplets are described in Figure 1.

For the formulation of the first emulsion, the oil phase,
contains a lipophilic surfactant and a silica precursor. The
energy supplied by the sonication process has two roles: (i) it
allows the creation of the nanodroplets and (i? it induces the

polycondensation of the silica precursor "™ specifically
at the water/oil interface. As a result, this first process produces

. - 6,37
aqueous nanodroplets in the form of silica nanocapsules.
Next, this primary emulsion is used as the oil phase for a second
emulsification process in order to generate micrometric double
droplets by using a mechanical method (rotor/stator, Ultraturrax),
or nanometric double droplets by spontaneous

emulsification.sz'38 In the following sections, we will
investigate in depth the formulation of the primary emulsion and
analyze the impact of the formulation parameters on its
properties, and then we will characterize the macroscale and
nanoscale double emulsions.

Primary w1/O Nanoemulsions and Silica Nanocap-
sules. The singularity of the nanoemulsification process based
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on ultrasonication lies in the amount of energy focused on a
small volume. The high acoustic field leads to the gradual
growth of cavitation bubbles, up to their implosion. This
induces huge shearing forces that break up the aqueous
droplets into smaller ones that are stabilized by the
surfactants (PGPR). The average droplet size decreases as a
function of the quantity of energy supplied.

To prevent the destruction of the double droplets during and after
the second emulsification, the original approach proposed in this
study resides in the stabilization of the water/ oil interface of the
primary droplets by a silica membrane synthesized in situ to
preserve the aqueous droplets and their encapsulation

properties. On the basis of previous Work,19 22 the silica
precursors were introduced into the oil phase, and the interfacial
polycondensation was initiated through a sono-chemistry-
mediated reaction. Two different silica precursors, TEOS and
APTES, were studied. The growth of the silica chains occurs by
the simultaneous presence of water and precursors solubilized
in oil, and the silica shell is therefore formed and trapped at the
water/oil interface.

Reverse Nanoemulsification. In this section, we will focus on
the emulsification itself without silica and investigate the influence
of the surfactant concentration and processing time on
the size and polydispersity of the primary w1/O
nanoemulsions. By monitoring the impact of the sonication time for

water,
vV =20%), we

different PGPR concentrations (¢
observed, as expected, a decrease in the droplet size

(Figure 2a/) according to a monoexponential decay

d=A e( Uz + doo where d is the droplet diameter, A is a
constant, d- is the saturation diameter (diameter after stabilization
of the monoexponential function), t is the sonication time, and T is
the characteristic time of the exponential. The choice of this
monoexponential model was based on the literature, considered to
be the more accurate description of the droplet size decrease, as a
consequence of the

droplet fractionation induced by uItrasonication.39 The droplet
fractionation directly results from the amount of energy

supplied and gradually stabilizes up to a saturation size d~. The
droplet size is clearly dependent on the surfactant concentration,
with a decrease by about 800 nm between 1 and 35 wt %.
Reporting the values of the characteristic time 1 as a function of
the sonication time (Figure 2b) revealed that the
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time necessary to stabilize the droplet size showed first (up to
7.5 wt %) a plateau giving T = 30 min, indicating that the
nanodroplets are rapidly stabilized independently of the PGPR

. 38,43,44 .

concentration. Then, a second regime appears (from
10 wt %) in which the T values are much higher and gradually
increase up to 100 min. This regime likely corresponds to a
saturation regime in which the droplets are rapidly stabilized
after their formation, followed by a further evolution of the size
much more slowly. The threshold of 10 wt % PGPR is believed
to correspond to the saturation regime that allows very small
sizes to be achieved. When extrapolating the curve fits att =0
(Figure 2c), the sizes also show a stabilization for PGPR
concentrations higher than 10-15 wt %. The y intercept
reported in Figure 2c is an interesting parameter reflecting the
whole behavior of the emulsification process, thus allowing a
comparison between the different PGPR concentrations.

To formulate reverse nanoemulsions below 300 nm, our
data pointed out that a PGPR concentration in oil of at least
10 wt % is required. However, a sonication time of 20 min is
too long for a potential industrial application because it may
destroy the encapsulated materials, increase the sample
temperature, and release a large number of titanium nano-
particles from the sonication tip. An ideal sonication time
should be no more than 5 min. In addition, to obtain double
nanoemulsions based on this primary emulsion, the droplet

size should be ideally decreased to 100 nm or less. '

Accordingly, the sonication time was fixed to 5 min, and the
PGPR concentration was varied from 10 to 35 wt %. The results
reported in Figure 3 confirmed the trend revealed in
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Figure 3. Effect of the PGPR concentration on the size of w1/O

. . L . . water
nanoemulsions at a fixed sonication time of 5 min and ¢ V = 20%.

The experiments were done with pure distilled water as the aqueous
phase (pure water) and water-containing calcium chloride as an
additive ([CaCl2]water = 5 wt %) (n = 3). Lines are drawn to guide
the eye.

Figure 2, with a significant size decrease as a function of the

surfactant concentration. At [PGPR]oil > 25 wt %, sizes below 160
nm were observed. However, the variability of the results was quite
high, likely related to the polydispersity of the nanoemulsions
because PDI values ranged from 0.3 to 0.5 for all measurements
with pure water as44,47 reported in Figure 3. In line

with previous reports showing that the emulsifying

properties of PGPR can be improved when calcium chloride is
added to the aqueous phase, the emulsification process was
clearly more efficient in the presence of this additive (Figure 3,

3B|Page

open symbols), providing droplets below 100 nm for [PGPR]
= 10 wt % and down to 50 nm for [PGPR] = 30 wt %.
Moreover, calcium chloride also improves the homogeneity
and reproducibility (standard deviations are between 3 and
10 nm) of the results as well as the monodispersity (PDI
values are equal t0 0.16 £ 0.10 for [PGPR] = 10 wt % and to
(0.06 £ 0.05) for [PGPR] = 25 wt %).

The strong effect of CaCl2 on the emulsification process may be a
consequence of the modification of PGPR activity. Indeed, CaCl2

is a chaotropic salt48 that affects the hydrogen bonding between the
water and the PGPR molecules. As a result, the lipophilicity of the
emulsifier may be increased and its HLB may be lowered. In

addition, CaCl2 can also directly affect the interfacial tension and

improve the emulsification properties.44‘47‘49 In these articles, the

authors have shown that the addition of CaCl2 to water can decrease
the droplet size and improve the stability of the primary w1/O emulsion.
This was explained by a specific action on the hydrophilic part of
amphiphile-like PGPR through an increase in the surfactants’
adsorption density, giving rise to decreasing interfacial tension along
increasing interfacial elasticity and involving a reduction in the
attractive forces between water droplets after their formation. Finally,
all of these effects combined can strongly impact the emulsification
process, lowering the rate of droplet recombination during sonication
and thus decreasing the size, polydispersity, and variability of the
results (i.e., lowering the standard deviation as it is presented in Figure
3). To conclude, in

view of these results, the formulation with [PGPR]oil = 30 wt %
(giving a droplet size of (57 + 4) nm and a PDI value equal to 0.06)
was selected as the primary emulsion for the fabrication of the
double emulsions.

Silica Nanocapsules. As described above, the silica shell is built
at the water/oil interface of the reverse nanoemulsions through

sonochemistry.lg_zz‘35 Two different silica precursors (TEOS and

APTES) were solubilized in the oil phase. The silica precursors
hydrolyze first and then undergo the condensation process. The
hydrolysis of APTES and TEOS leads to the production of ethanol and
trisilanols. The Si—C bond will not be hydrolyzed because this bond is
hydrolytically stable, and thus the aminopropyl group will stay in the
polymer structure. On the other hand, the transient silanol groups will
condense with other silanols to produce the amino-function-alized
network. Interestingly, the impact on the double emulsion of the alcohol
formed during the chemical reaction cannot be specifically determined
but will be included in the global determination of the encapsulation
efficiency values, along with the other formulation and processing
parameters. The emulsification process was performed under the same

conditions as described above: ¢Waterv =20%, sonication time =

5 min, and [PGPR]oil = 30 wt %. The sizes of the reverse
nanodroplets (Figure 4) were compared for the APTES and
TEQOS precursors.

In both cases, the introduction of the silica precursor in oil before
sonication increases the size of the water droplets, likely due to the
formation of a silica shell around the droplets. Moreover, in both
cases, the shell thickness is linearly related to the concentration of
silica precursor in oil. Nevertheless, the slopes are different
because, probably, part of the silica remains in the oil or has been
expelled in water. It is important to note that we cannot prove that
the water droplets do not increase when the amount of silica
precursor is increased. However, we
have thus assumed that because the formulation parameters were

fixed (¢Waterv = 20%, sonication time = 5 min, [PGPR]oil =
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Figure 4. Effect of the concentration of the silica precursor (APTES

or TEOS) on the size of the primary w1/O nanoemulsion (n = 3).
(Inset) Dependence as a function of the silica precursor of the
volume of the nanodroplets, calculated from their diameter.

30 wt %), the size of the water droplet core is considered to
be constant and the silica shell gradually grows around it. In
addition, the fact that the relationship between droplet size
and silica precursor concentration is linear supports the
assumption that the size of the water cavities should be the
size of the initial aqueous droplets without silica (around 60
nm in the example shown in Figure 4), and the silica shells
grow around it.

However, APTES appears to be much more efficient than
TEOS for interfacial polycondensation. For example, at a
concentration of 10 wt %, TEOS induced a shell thickness of
about 3 nm, while it reached about 45 nm with APTES. On the
basis of these data, the global volume of the silica shell can be
estimated as a function of the precursor concentration (Figure
4, inset). The comparison of the growth rates (slopes of the

linear fits, 3.0 and 143.2 A?’ wt %_1 for TEOS and APTES,

respectively) indicates that 50 times more material is
synthesized at the interface with APTES than with TEOS.

The silica shell thus appears to be important in stabilizing the
primary emulsion in order to formulate the double droplets, and
these results demonstrated the feasibility of the in situ synthesis
of the silica shell in the water/oil interface of the droplets. The
linear relationship between the shell thickness and the
concentration of the silica precursor indicates that the shell
thickness can be adjusted very finely and thus controls the
encapsulation and release properties of the double emulsions.
The reason that APTES is more efficient than TEOS in the
polycondensation process may be related to its chemical

structure.” ~ Unlike TEOS, the amphiphilic properties of APTES
likely play an active role in their concentration at the water/oil

interface. Indeed, because the pKa of APTES, (CH3-
CH2-0)3-Si—-(CH2)3-NHz2, is around 8.5, and the aqueous
phase containing CaCl2 has a pH slightly below 7, the
protonation of the amino function probably accelerates the
migration of APTES (from oil) toward the interface, increasing
the efficiency of the ultrasound-mediated interfacial poly-
condensation. In contrast, TEOS, lacking such a function,
(CH3—-CH2-0)4-Si, may encounter the interface only because
of molecular diffusion.

Micrometric Double Emulsions wi1/O/W2. To prove that
double droplets are stable when the inner droplet interface is
reinforced by a silica membrane, the micrometric double emulsions
formulated by a rotor/stator (Ultraturrax) device were characterized
for their aspect, morphology, and size by optical microscopy
(Figure 5). The microscopy images show the
controls without primary emulsions O/W2 (Figure 5a), the double
emulsions w1/O/W?2 without silica precursor (Figure 5b), the double
emulsions w1/O/W2 with 2.5 wt % APTES (Figure
5¢), and the double emulsions w1/O/W2 with 10 wt % APTES
(Figure 5d).

The double droplets and the control exhibit a quite homogeneous
distribution. While in the control (a), the oil droplet core appears to
be clear and transparent, and the primary emulsion is clearly visible
as small “corrugations” within the double droplets in b—d. These
corrugations are likely due to the light diffraction of the aqueous
internal droplets and the limited resolution of the optical
microscope around 300 nm. On the basis of these images, the
double droplet size distribution was determined by a graphical
analysis
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Figure 5. Optical microscopy of controls without primary emulsions O/W?2 (a), double emulsjons w1/O/W?2 without the silica precursor (b),
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(Figure 5, right) for about 100 droplets each time. The
experimental data were successfully fitted with a Gaussian
equation, giving average sizes of 3.7, 6.6, 8.1, and 18.3 um,
respectively for a—d. As expected, the emulsification process is
affected by the presence and size of the primary droplets. Indeed,
because the size of these droplets playing the role of the
template increases with increasing APTES concentration, the
size of the double droplets increases as well.

To investigate the stability of these double emulsions in the
formulation process, we monitored the leakage of methylene

blue (MB) solubilized in the inner water w1 toward the external

water W2. It is important to note that the EE values are those
immediately after the second emulsification and thus describe
the impact of the process itself on the structure of the double

droplets, while the leakage of w1 induced by storage will be
studied and discussed in the following sections. Before
discussing the EE values of double droplets, it is important to
consider the preliminary controls regarding the full release of
MB from the primary emulsion. In these control experiments
performed on the primary emulsions (described in the
Experimental Section) for APTES varying from 0 to 10 wt %
and for TEOS varying from 0 to 25 wt %, values of total release
are 99.6 = 0.2 and 99.2 + 0.4%, respectively. This clearly
demonstrates that encapsulated materials can be released
irrespective of the thickness of the silica shell.

The EE values for the double emulsions formulated with APTES
and TEOS are reported in Figure 6 for different concentrations of
the hydrophilic surfactant (Kolliphor ELP). The EE value for the
formulation without silica is relatively weak (~25%) but increases
rapidly with the silica concen-tration. In the case of APTES, the EE
value increases rapidly to
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Figure 6. Encapsulation efficiency of MB solubilized in the inner water
droplets of macroscopic double emulsions, immediately after the
second emulsification. Effect of the concentration of the silica precursor
in 0il (APTES in a and TEOS in b) and for different

concentrations of the hydrophilic surfactant (Kolliphor ELP) in W2
(n=3).
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80% for [APTES] = 0.25 wt % and reaches about 95% for
[APTES] = 10 wt %. A similar trend is observed for TEOS, but
higher TEOS concentrations are needed and EE values hardly
exceed 60%. These results are in line with the respective
efficiencies of APTES and TEOS in the fabrication of the silica
shell (Figure 4). They indicate that even at very low
concentrations APTES can efficiently reinforce the water/oil
interface to stabilize the double emulsion against the second
emulsification. The strong effect of low concentrations of
APTES on the EE is outstanding and discloses the high potential
of the technology to produce stable double emulsions
compatible with the regulatory aspects imposed by industrial
production and applications. The difference in EE between
APTES and TEOS is likely related to the thickness and probably
the density of the silica shell (Figure 4), which makes the silica
shell more impermeable with APTES. In fact, in the Figure 4
inset, the “volume of silica by droplet” is represented as a
function of the precursor concentration, revealing an important
difference between APTES and TEOS, so a parallel can be
drawn with the EE values correlating the results of Figure 6.
Because of its high efficiency, we selected APTES for further
stability studies and the formulation of double droplets at the
nanoscale. It is noteworthy that the stability claimed herein and
brought about by the reinforcement of interface by silica refers
to the fact that the internal water droplets are much more robust
compared to the ones without silica. The globules formed are
much more robust toward changes in temperature, changes in
osmotic pressure, and also the formulation processes (large
differences in EE when we compare with and without silica). As
a result, we can say that classical double emulsions are much
more fragile compared to these new stabilized formulations.
This is all the more confirmed by the accelerated aging
experiment detailed below.

To further investigate the stability of the double droplets, we
monitored their EE values at high temperature (90 °C) as a
function of time and for several APTES concentrations (Figure
7). The idea here was to place the samples under very harsh
conditions, such as those for accelerated aging procedures that
are generally worked out (to a lesser extent). The results
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Figure 7. Encapsulation efficiency of MB solubilized in the inner water
droplets of macroscopic double emulsions (4)0I \Y phase 20% and
[Kolliphor ELP] = 25%) immediately after the second
emulsification (t = 0) or at high temperature (90 °C) for 30 or 60
min. The [APTES]oil = 0 wt % data point corresponds to the control

without the silica precursor.
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Figure 8. Diameter (a) and encapsulation efficiency (b) of double nanoemulsions for different concentrations of APTES and SOR. The
nanoemulsions were obtained by spontaneous emulsification at room temperature. The encapsulation efficiencies were calculated from the
concentration of methylene blue measured after the application of fresh samples on size exclusion chromatography columns.
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Figure 9. Transmission electron microscopy of double nanoemulsions for APTES concentrations of (a) 10 wt %, (b) 2.5 wt %, and (c) 0 wt %. Qil
droplets can contain several (black arrowheads), one (gray arrowheads), or zero (white arrowheads) silica shells containing water droplets.

appear to be in line with our expectation, exhibiting a significant
difference between control and silica-protected samples. A
temperature of 90 °C was in fact chosen as the higher

temperature before boiling to conduct such experiments
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under harsh temperature conditions. For the control (without
APTES), the EE value starts at 23% and decreases to 0% after
30 min, indicating a very rapid release of the encapsulated
compounds. In contrast, for [APTES] = 0.25 wt %, the double
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droplets appear to be much more resistant. A slow and
regular release of dyes was observed, whatever the amount
of silica. This observation confirmed the strengthening of the
interface by the silica membrane, even at 0.25 wt % APTES,
and the still possible release of encapsulated materials with
time, as evidenced by the 20—30% decrease in the EE value
after 60 min. After 1 h, the encapsulated MB became purple
(the color of the crystalline form of this molecule) probably
as a result of crystallization, which did not allow this
experiment to be continued at 90 °C.

These results indicate that the silica shell formed by
APTES is resistant to high temperature, which opens a
number of applications. For example, in food applications,
the double emulsions can ensure an efficient storage of
hydrophilic materials such as flavors and then allow their
controlled delivery during cooking.

Nanometric Double Emulsions w1/O/W?2. In this last
section, our goal was to transfer the best experimental
conditions described for double micrometer emulsions to the
formulation of double droplets smaller than 1 um. For this
purpose, the second emulsification has been adapted to be a
nanoemulsification process capable of preserving the structure

of the primary w1/O nanoemulsions. Basically, nanoemulsifi-

cation methods are divided into high-energy processes51 (high-
pressure homogenization or utrasonification) and low-energy
processes based on spontaneous emulsification. To preserve the
primary emulsion, we selected the gentlest process (i.e., the
spontaneous emulsification). In this process, the hydrophilic

surfactant in the oil phase (w1/O nanoemulsion) is mixed at room
temperature, and when homogenized, the second aqueous

phase W2 is added, producing spontaneous nano-

emulsification.52’53 Though it is a soft process, the droplets are

formed as a result of the turbulent penetration of water in the
network made of oil, primary droplets, and Kolliphor ELP. This
turbulent droplet formation is less destructive than high-energy
methods but is nevertheless aggressive for the small aqueous
nanodroplets of the primary emulsion. This is confirmed by the data
in Figure 8 correlating the size of the nanometric double emulsion
(Figure 8a) with the encapsula-tion efficiency of MB (Figure 8b) as
a function of the surfactant-to-oil weight ratio (SOR) and the
APTES concentration (i.e., thickness of the silica shell). The global
size of the double nanoemulsions is below 120 nm and, as expected,
decreases as the quantity of surfactant increases, reaching 70 nm for
SOR = 40%. The general behavior of the size decrease observed is
similar whatever the concentration of APTES, indicating that the
spontaneous emulsification is robust enough not to be affected by
the modification of the oil composition. The EE values (Figure 8b)
are strongly impacted by the silica shell. Indeed, without silica
([APTES] = 0 wt %), all of the MB leaks rapidly and the EE value
is close to zero. Then, the EE values regularly grow as the APTES
concentration in oil increases, reaching 60—70% for [APTES] = 10
wt %. Compared to macroscale double emulsions, the
nanoemulsification process has a real destructive effect on the
double nanodroplets and thus requires a higher shell thickness to
provide efficient encapsulation (i.e., [APTES] = 7.5 wt % versus
0.25 wt % for macroscale double emulsions, see Figure 6a).
Interestingly, for a given APTES concentration, the

EE value depends on the SOR parameter. As a result, it is
observed that the EE value and the size of the double
nanodroplets are inversely correlated. This result is very
important, even if the order of
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magnitude of the encapsulation efficiency is slightly below
those of microscale double emulsions (discussed above
Figure 6), and remains absolutely unprecedented regarding
nanoscale double droplets.

To confirm the double structure of the nanoemulsions and
further rationalize the data in Figure 8, transmission election
microscopy was performed on representative samples
(Figure 9).

The sizes of the double droplets correspond well to those in
Figure 8a, being centered at about 90 nm for SOR = 30%. The silica
shells allow the droplets to conserve their shape upon drying under
extensive vacuum on the carbon grid (Figure 9a,b). In contrast, the
drying process in the absence of APTES destroys the nanodroo lets
and results in oil puddles (Figure 9c), as previously reported.” * For
[APTES] = 10 wt % (Figure 9a), the ~45 nm thickness of the silica
shell (given in Figure 4) appears to be strong enough to preserve the
nanodroplet structure upon drying. The double nanostructure is
clearly visible in this case, with the inner silica substructure in dark
gray and the surrounding oil in light gray. Depending on their size,
the double nanodroplets can include several (black arrowheads),
one (gray arrowheads), or no (white arrow-heads) inner water
droplets. The TEM pictures also reveal that the double droplets may
be deformed by the primary droplets, showing their wettability by
the oil (i.e., related to their good affinity for oil because they were
not expelled from the oil phase). Once the bulk phase is removed,
the capillary phenomenon should give the droplet their final shapes
and strongly impacts the preservation of the droplet structure and
shape. This is precisely what we observe, by comparing Figure 9a,
for which the structure is preserved thanks to the silica shells inside,
and Figure 9c, for which the oil spreads into the carbon support.
Likewise, when several inner droplets are confined in one oil drop,
they also seem deformed, forming a thin planar film in their contact
region. These interdroplet interactions in the larger droplets can
probably lead to their small degradation compared to smaller ones,
explaining the difference in EE observed as a function of their size
(Figure 8). The relatively dark aspect of the inner silica-stabilized
droplets is likely attributed to the important thickness of the shell,
as disclosed in Figure 4. Very comparable visual dark aspects were
previously reported according to similar sonochemistry of APTES
at the wateréqgl interface of (this time) direct O/W
nanoemulsions.” ~ This imagery seems related to the process and to
the thickness of the silica shell formed. This large silica shell (in
Figure 9a of around 45 nm) can also explain why the encapsulation
efficiency is not very high compared to that expected in observing
the double droplets by TEM: the water cavities are actually quite
small. A remark can be made regarding the oil droplets containing
or not containing internal particles. In fact, Figure 9a allows us to
show that only larger droplets are able to have a double structure
while smaller ones cannot. In fact, the spontaneous
nanoemulsification gives rise to a log-normal size distribution, and
logically, the inner silica shells can be distributed only in second
droplets that are large enough to entrap them.

On the other hand, nanodroplets with [APTES] = 2.5 wt %
(Figure 9b) appear to burst when water has escaped (during the
sample drying), in line with their low EE values (Figure 8b) of
around 15% as compared to 70% for nanodroplets obtained with
[APTES] = 10 wt % (Figure 9a). The low EE value suggests that
most of the inner water has escaped during the second
nanoemulsification process. As a result, one can
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observe oil droplets containing the remaining fragments of
the shells. Noticeably, a good match is observed between the
sizes measured by DLS (Figure 4) and the TEM diameters of
130 nm for [APTES] = 10% and 80 nm for [APTES] = 2.5%.
(Even if the droplets are destroyed, the scale appears to be
coherent.)

In addition to their encapsulation properties, an important feature
of these new multifunctional nanocarriers is their ability to release
and deliver an encapsulated material. To investigate this ability, we
monitor the release of MB from double nanoemulsions incubated at
37 °C. The curves in Figure 10
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Figure 10. Release of methylene blue encapsulated in double
nanoemulsions (SOR = 30%). The y-intercept value corresponds to
the EE value after the second nanoemulsification. Experimental

data are fitted using a Korsmeyer—Peppas equation giving the
values of the release exponent n, as indicated.

represent the MB leakage into the external water phase (W2) for up
to 6 h after formulation. Because all of the samples have the

same initial amount of MB (initially in w1) but different EE
values (Figure 8b), the initial o ffset corresponds to the MB that
has already escaped during the second nanoemulsification. The
release profiles are successfully fitted with a classical

Korsmeyer—Peppas equation for spherical drug carriers,56

= Kmtn, where Mt/Mo is the fraction of drug release at time
t and Km is a kinetic constant. The release exponent n allows us
to identify the release regime.

For all samples, the encapsulated dye is effectively released (up to
100%), indicating that the double nanoemulsions are effective
nanocarriers able to deliver the encapsulated materials. All values of
the release exponent n (indicated in Figure 10) remain below the
threshold of 0.5, indicating Fickian diffusion. However, a difference
should exist between the samples with n=0.44 (JAPTES] = 7.5 and 10
wt %) indicative of a monodisperse Fickian drug release and the

samples with n < 0.35 ([APTES] = 0, 2.5, and 5 wt %) indicative

of a Fickian diffusion of a polydisperse sample.56_58

This difference likely arises from the fact that the double
emulsions are more fragile for the lower APTES concen-
trations, as evidenced by the disruption and fusion of their
inner droplets observed by TEM images (Figure 9). In
contrast, the monodisperse Fickian drug release observed at
higher APTES concentrations is in full line with the
homogeneous population of internal droplets observed by
TEM (Figure 9).

Mt/ Mo
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Proving the Presence of Water in the Inner Droplets of
Micrometric and Nanometric Double Emulsions w1/ O/W2.
To achieve the characterization of the double structure, beyond
indirect ways such as EE measurements and TEM observations, and
to dispel doubts about the presence of water inside the double
micro- or nanodroplets, in this last paragraph we will use a water
sensor to prove that inside the double droplets we still have liquid
water. The water sensor is a fluorescent dye, sulforhodamine 101
(SR101), which presents a fluorescent signal only when it is
solubilized in water. The general idea is

to dissolve SR101 in the internal water (w1, at 100 pM) right
from the initial formulation stage and to show that its fluorescent
signal is still present within the double micro- or nanodroplets
after their separation from the continuous phase. The whole
experiment, along with the spectrometric results are
summarized in Figure 11, showing the fluorescent spectra at
every stage of the experiment. In addition, the control without
silica was also reported in parallel to compare the spectra with
the double emulsion with APTES 10 wt %. First, the fluorescent
signal of reverse nanoemulsions is presented in Figure 11a,
showing a very important fluorescent signal with peaks at 606
and 607 nm.

At exactly the same concentration, the two signals with and
without APTES show significantly different fluorescence

(around 4.6 x 106 and 3.4 x 106 a.u., respectively), likely due
to the change in composition that generally affects the
environment of the dyes and can modify their fluorescence
properties. On the other hand, when dispersed in oil at saturation
(Figure 11b), SR101 displays a much lower fluorescence signal
of a few orders of magnitude (around 6

X 103) that is not comparable to the former and, important
for the discussion, slightly color-shifted around 10 at 596
nm. This huge difference between water and oil signals,
compared to the fraction containing double droplets and free
dyes, will indicate whether SR101 is still dissolved in water
after the separation of the droplets from the bulk.

The formulation of microscale double emulsions is shown in
Figure 11c,d before and after droplets separations, respectively.
Before separation (Figure 11c), both signals are comparable

(around 1.5 x 10~ a.u.), in line with the curves of the primary
emulsion (Figure 11a) diluted by the formulation process (with
the difference between samples with and without silica still
visible). Then, the droplet separation shows a much more
important signal in the double droplets than in the bulk phase,

greater than 1.5 x 106 and smaller than 6 x 103 a.u.,
respectively. The wavelength of the peak (Amax= 604 and 605
nm) also corresponds to the signal of SR101 solubilized in water
and not transferred to oil (see Figure 11a,b). This first result
proves that SR101 is still and importantly solubilized in water
within the microscale double droplets, thus in the internal water.
Interestingly, the signal with and without silica exhibit different
fluorescence intensities, higher in both cases corresponding to
the samples without silica. This is due to the dye leakage from
the double droplets without silica (EE is around 22%) when
there is no leakage with silica (EE around 100%) (Figure 6a).
This gives rise to the dequenching of SR101 inside the droplets
(due to the ACQ effect as it is explained in the Experimental
Section), along with an increase in the SR101 concentration in
the bulk phase, thus increasing the fluorescence signal in both
cases. In addition, a close study of the different fluorescence
intensities discloses a decrease in the dye concentration inside
the internal droplets, likely due to the dye escape. For example,
with “micro-droplets with silica”,
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Figure 11. Schematic representation of the protocol followed to prove that liquid water is still present inside the micro and nano double droplets,
along with the corresponding fluorescence spectra. Sulforhodamine (SR101) is (a) encapsulated in the w1/O nanoemulsions with and without silica
(APTES 10% in oil), (b) dispersed at saturation in oil as a control, and then encapsulated in micro double droplets (c) before and (d) after separation
by centrifugation or encapsulated in nano double droplets (e) before and (f) after separation by size exclusion chromatography.

the dilution factor inherent in the double droplet’s
formulation is 5 (1.2 mL of primary w1/O emulsions in 4.8
mL of W2), while the decrease in the resulting fluorescence

signal is only around 2.2 (1.5 x 106 a.u./3.4 x 106 a.u.). This
increase follows dye dequenching due to a concentration
decrease (i.e., due to the dye release from the inner droplets,
as observed with methylene blue).

On the other hand, in the case of hanodouble emulsions, the
SR101 signal in double nanoemulsions is slightly more diluted

around 1.5 x 106 a.u. (Figure 11e) as a result of the formulation
method; however, this dilution is even further increased after the
size exclusion chromatography separation (Figure 11f). The
fluorescence signal in double nanodroplets with and without silica
still appears to be measurable and significant (around 1.0

X 104 a.u.), and importantly, the peak maximums appear at 604
and 605 nm (not at 596 nm when the dye is dispersed in oil in
Figure 11b). These two points confirm that SR101 is still
solubilized in water, inside the double nanodroplets. Then, the
signal of the free dyes appears
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to be important in the fraction without silica and nonexistent
with silica, in line with the former EE results and
conclusions established in the previous sections.

. CONCLUSIONS

In this study, we formulate stable double emulsions from the
micrometric to the nanometric scale, with their respective
properties. This is achieved by simply reinforcing the water/oil
interface of the primary internal water droplet with a silica
membrane, resulting in efficient encapsulation of the hydro-
philic materials in the internal water. We show that the
modulation of the thickness of the silica membrane (by varying
the formulation parameters) can modulate the encapsulation
efficiency (up to 100% encapsulation), size, and release
properties. Such a system paves the way for a large number of
applications, from pharmaceuticals with the delivery of
hydrophilic active principles to agrifood and cosmetics
applications with the long-term storage and protection of fragile,
unstable, or volatile compounds. Moreover, the double
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emulsion morphology transposed to the nanoscale has never
been reported and is a novel solution for the i.v.
administration and targeted coadministration of hydrophilic
and lipophilic agents.
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Executive Summary:

This section is divided into the two chapters. The chapter 4 is book chapter that was published by
Academic Press in book on Nano-emulsions. It gives a detailed account of principle governing
behind the popular transitional nano-emulsification methods. The section provides a conceptual
foundation about role of non-ionic surfactants and their role in transitional nano-emulsification
methods. Phase inversion method and spontaneous emulsification method are two most popular
low energy methods exploited for the nano-emulsification. In literature it is generally believed that
the principle behind these two methods is different. However, we have shown in this section that
the principle behind these two nano-emulsification methods is the same. At last, it also highlights
some of the common misconceptions in literature that confuse the readers between the two totally
different systems i.e. nano-emulsions and microemulsions by providing clarity regarding their

thermodynamic and kinetic stability.

The section 5 provides results finding from our research project about the W/O nano-
emulsification by two different methods of the spontaneous emulsification and added in the
form of research article. In this study, we have investigated in detail about the different factors
that affect the particle size by the spontaneous emulsification methods. The variable we tested
for checking their effect on the particle size in both methods were surfactant concentration,
type of surfactant, mixture of surfactant, phase ratio and type of oils. The studies clearly
showed that among all the variables surfactant concentration was most important factor in

determining the particle size of nano-emulsions.
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4.1 INTRODUCTION

Nanoemulsions have emerged in the last decade as an important tool in the for-
mulation of pharmaceuticals, for applications as nanomedicines and/or as probes
for biomedical imaging. Nanoemulsions offer new possibilities for dis-persing
lipophilic therapeutics or biomedical imaging agents in aqueous phases, such as
isotonic aqueous buffer solutions compatible with parenteral adminis-tration
(Anton et al., 2008a; Attia et al., 2014; Kilin et al., 2014; Li et al., 2013). These
lipophilic active pharmaceutical ingredients (API) can be solubilized at high
concentrations in the oily core of the nanoemulsion droplets, thereby lead-ing to a
uniform distribution throughout the whole system. Nanoemulsions are generally
considered as nontoxic nanocarriers with the same potential as lipo-somes or
polymeric systems, with, of course, different encapsulation properties. The
composition and structure of nanoemulsions can be optimized to obtain
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good encapsulation properties, high physicochemical stability, and targeting to
specific sites in vivo. Moreover, another fundamental advantage of nanoemul-
sions lies in the simplicity and robustness of the formulation methods. This
chapter focuses on low-energy transitional emulsification methods that are
particularly simple to perform and that are robust in the sense that a wide range
of oil compositions can be utilized, for example, including drugs solubi-lized,
even at high concentration, without impacting significantly on the process as
will be discussed below.

Let us focus now on the formulation processes of emulsions. In general, the
terminology emulsion refers to macroemulsions, typically with droplet
diame-ters ranging from a micrometer to several tens of micrometers (Leal-
Calderon et al., 2007a). The formulation of macroemulsions is relatively
simple, requir-ing widely used and relatively inexpensive mechanical methods
such as rotor-stator devices. However, macroemulsions are usually highly
unstable due to physical destabilization mechanisms such as gravitational
separation, floccula-tion, and coalescence (Leal-Calderon et al., 2007b). For
this reason, macroe-mulsions are usually homogenized again using another
mechanical method that aims at decreasing the droplet size and polydispersity.
The resulting nanoe-mulsions contain droplets with diameters in the nanometer
range, that is, typ-ically from about 30 to 300 nm.

The thermodynamic instability of emulsions and nanoemulsions is due to the
fact that the free energy Gf associated with their formation is greater than zero. This
free energy change is mainly due to the increase in contact between the two
immiscible liquids: Gf %2 Ay, where A is the increase in interfacial area and

y is the interfacial tension. Thus, the interfacial area has a tendency to spontane-
ously decrease, thereby favoring droplet flocculation and coalescence. On the other
hand, once formed, nanoemulsions tend to have very good Kinetic stability because
their small droplet size reduces the rate of gravitational separation and droplet
aggregation. Nevertheless, nancemulsions are still prone to droplet growth through
a phenomenon known as Ostwald ripening, which is the growth of large droplets at
the expense of small droplets due to diffusion of oil molecules through the
intervening aqueous phase (Leal-Calderon et al., 2007b; Tadros et al., 2004; Anton
et al., 2008b). Nanoemulsions must therefore be carefully formulated to avoid
Ostwald ripening, for example, by adding ripening inhibitors or ensuring a narrow
particle size distribution (Tadros et al., 2004).

This brief overview on the formulation of emulsions and nanoemulsions
highlights the potential advantages of emulsification methods that produce small
droplets with narrow distributions. In addition, emulsification efficiency depends
on the composition, chemical nature of the phases and stabilizing agents, viscosity
ratios of the phases, temperature and time of processing, shear rate, cooling time,
type of emulsification apparatus, and energy supplied. Rotor/
stator apparatuses provide high shearing along with an efficient recirculation of the
liquid, thereby giving rise to a premix emulsion between 10 and 100 pm.

They induce a strong shearing that favors the breaking up of the drops, but do
not permit decreasing the droplet size below about 1 pm, due to the massive
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dissipation of the mechanical energy in the form of heat. Specially designed
mechanical devices capable of supplying huge amounts of energy are necessary
to increase A and decrease the droplet size despite heat dissipation. These
methods, so-called high-energy methods, are performed by the homogenization
of the premix mainly not only with high-pressure homogenization but also with
ultrasound-based methods.

These high-energy methods have a number of advantages that have led them
to be widely used in industrial processes, such as their versatility and high
throughput. However, they also have a number of limitations of high-energy
methods: (i) The process typically involves several steps, including dispersion,
premixing, and homogenization; (ii) there are high-energy needs; (iii) there is a
potential risk of degradation or denaturation of fragile molecules in the formu-
lation; and (iv) there are high costs associated with purchasing, maintaining,
and running the equipment. Consequently, there has been interest in alternative
emulsification methods, such as low-energy methods, that allow the formula-
tion of very small and monodisperse nanoemulsions without the need for any
specialized equipment. These low-energy methods have emerged as highly
robust and adaptive emulsification methods that have many potential applica-
tions. For example, they can be used to produce nanomedicines that are non-
toxic and stable carriers for different sorts of lipophilic active ingredients at the
same time.

The purpose of the present chapter is to present an overview of these low-energy
methods, mainly related to the concept of transitional methods. The term
“transitional” comes from the transitional emulsion phase inversion, a phe-nomenon
traditionally induced by a change in temperature. These systems were first reported in
1969 by Shinoda and Saito (1969). In Section 4.2, a discussion of the underlying
principles of the transitional emulsification method is given, with an emphasis on the
thermodynamic properties of nonionic surfactants, which play a key role in these
processes. In Section 4.3, we focus on the con-sequences of the transitional phenomena
applied to low-energy emulsification. Different low-energy emulsification methods are
reviewed, and the impact of nonionic surfactant phase behavior on the process is
stressed, including a dis-cussion of the role of ternary phase diagrams of the
water/nonionic surfactant/ oil system. In addition, differences between transitional
nanoemulsions and microemulsions are highlighted, from the formation and formulation
processes to the thermodynamic and physicochemical properties of these dispersions.
Section 4.4 then deals with the robustness of the transitional nanoemulsification
processes, due to the modification of the composition related to the encapsula-tion of
active ingredients in the droplet’s core.

4.2 THE ROLE OF PEGYLATED NONIONIC SURFACTANTS
ON TRANSITIONAL EMULSIFICATION METHODS

Low-energy emulsification methods are almost exclusively based on the use of
surfactants for which the polar head is a poly(ethylene glycol) chain (PEG and
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PEGylated surfactants), which are a particular form of nonionic surfactant. Rep-
resentative examples of nonionic surfactants typically used in the formation of
nanoemulsions by low-energy emulsification are presented in Fig. 4.1:

(A) PEG-4 dodecyl ether (Rao and McClements, 2010; Astaraki, 2016; lzquierdo
et al., 2004), with a total number of ethylene glycols of 4 and a molec-ular weight
of the PEG moiety of 176 g/mol (Brij 30); (B) PEG-20 sorbitan monooleate (Mei et
al., 2011; Rao and McClements, 2011), with 20 ethylene glycol units and a
molecular weight of the PEG moiety of 880 g/mol (Tween 80); (C) PEG-15 stearate
(Klassen et al., 2014), with 15 ethylene glycol units and a molecular weight of the
PEG moiety of 660 g/mol (Kolliphor HS15); and

(D) PEG-35 ricinoleate (Attia et al., 2014; Li et al., 2013; Anton and
Vandamme, 2009), with 35 ethylene glycol units and a molecular weight of the
PEG moiety of 1540 g/mol (Kolliphor ELP).

These surfactants all have a relatively high total number of ethylene glycol
units, or PEG chain length, with values in a comparable size range (15—35 per
lipid chain). Moreover, these surfactants all have hydrophilic-lipophilic balance
(HLB) values around 13-15, which is related to the relative sizes of the polar
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FIG. 4.1 Some representative nonionic surfactant used in transitional emulsification: (A) Brij 30
(PEG-4 dodecyl ether), (B) Tween 80 (PEG-20 sorbitan monooleate), (C) Kolliphor HS15 (PEG-
660 stearate), and (D) Kolliphor ELP (PEG-35 ricinoleate).
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head and nonpolar chain. Shorter or much longer PEG chains will induce a loss in water
solubility or surface activity, respectively. In general, the solubility of PEGylated
surfactants is induced not only by interactions between the PEG chain and the bulk water
through the formation of hydrogen bounds (Goldstein, 1984; Wartewig et al., 1990) but
also by the conformation of the PEG chain that can create a localized dipole moment (in
the cis conformation), which enhances the dipole-dipole interactions with the bulk water
(Karlstrom, 1985) and thus solubility. Another phenomenon that tends to reduce PEG
sol-ubility comes from the structuration of water molecules associated by hydrogen
bonds into flickering clusters (so-called linked water) that wraps the PEGylated polar
heads. The presence of flickering clusters has been shown to exhibit a buffer or shielding
effect that increases with water structuration, that is, with cluster size. In fact, the
hydration state of the PEG chains is an important param-eter that can be considered as
an intrinsic property of the nonionic surfactant, which is strongly related to the
thermodynamic environment and composition of the aqueous phase in which it is
solubilized. Indeed, temperature, surfactant concentration (Schottand and Han, 1976a),
and electrolyte concentration in water induce salting-in or salting-out effects of
PEGylated surfactants (Schottand and Han, 1976a; Schick, 1962a; Maclay, 1956; Schott,
1973, 1997, 2001; Schott and Han, 1975; Schottand and

Royce, 1984; Schott et al., 1984), thereby shifting the equilibrium nH20 > (H20)n
toward the left or the right, respectively, in function of the type of ion.
Consequently, the size of the flickering clusters affects the phase diagrams and
macroscopic properties of nonionic surfactants, such as the critical micelle
concentration (CMC) (Hsiao et al., 1956; Schick, 1962b, 1964; Schottand and Han,
1976b; Rayand and Nemethy, 1971; Malikand and Jhamb, 1970; Malikand and
Saleem, 1968; Arai, 1967) and cloud point (cp) (Schick, 1962b; Arai, 1967;
Dorenand and Goldfarb, 1970; Shinodaand and Takeda, 1970; Gu et al., 1989).

To summarize, the solubility of nonionic surfactants is primarily determined
by interactions between the PEG groups and water and is modified by the size
of the flickering clusters. Thus, water solubility is highly dependent on tempera-
ture, strongly decreasing with heating because the thermal excitation of the
water molecules reduces their interactions with the ethylene oxide groups. This
phenomenon is at the origin of the cloud point and nonionic surfactant demixing
phenomena (giving rise to a surfactant-rich phase in equilibrium with an aque-
ous one with surfactant concentration close to the CMC) and at the center of the
emulsion phase inversion phenomenon.

A large variety of PEGylated surfactants have been used in phase inversion
temperature (PIT), spontaneous emulsification, and self-emulsifying drug delivery
system methods, but their global behavior and their role in these emul-sification
processes follow a universal mechanism. However, if the use of non-ionic
surfactants is usually necessary to obtain low-energy emulsification, the choice of
oil phase is also very important for the success of the process. Indeed, as discussed
later, the transitional emulsification methods used to produce
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nanoemulsions are based on changes in the relative interactions of PEGylated
surfactants with the oil and water phases and particularly on the possibility of
modifying these interactions using thermodynamic variables. To illustrate these
considerations, it is interesting to consider the general phase diagram, reported in
Fig. 4.2, of nonionic surfactants with respect to water and oil phases.

At constant composition, it appears that the nonionic surfactants are not fully soluble
in the aqueous and oil phases and that this solubility behavior is linked to temperature.
Electrolyte concentration influences the location of the phase frontiers (see earlier),
while the temperature has a direct incidence on the solubility of the surfactants. The
phase diagram shows two demixing two-phase regions: (i) for the binary system
surfactant/water for which a key parameter is the cloud point in water

(cpp) and (ii) in oil for the binary system surfactant/oil for which a key parameter

is the cloud point in oil (cpa). The phase behavior of nonionic surfactant in water
has a crucial role and is principally at the origin of low-energy emulsification
processes. More precisely, emulsifica-tion comes from the sudden change of the
nonionic surfactant solubility, rapidly crossing the boundary of the phase diagram,
from the two-phase region to the one-phase region. Let us consider the
physicochemical behavior adopted by the nonionic surfactants during the low-
energy emulsification or transitional pro-cesses, through the binary phase diagram
surfactant/water in Fig. 4.2. As an example, point A corresponds to the
thermodynamic conditions and composi-tion in which the surfactants are before
emulsification, and points B, C, and D correspond to possible points compatible
with the emulsification process. Indeed, the process is driven by the transition from
a state where the nonionic surfactants are nonsoluble in water to a state where they
are fully soluble. Emul-sification is therefore possibly performed by a number of
routes: (i) pathway A-B, which involves dilution with water at constant
temperature;

T
100°C
B
T(cpy) | .
D P cp,
0°c C /
T(cp,)
Water Nonionic Oil Water
amphiphile

FIG. 4.2 General binary phase diagrams between water, nonionic surfactant, and oil. The cloud points are represented in
water cpp and in oil cpa. The signification of the pathways A-B, A-C, and A-D is dis-cussed in the text. (Reproduced

with permission from Kahlweit, M., Strey, R., Firman, P., Haase, D., Jen, J., Schomaecker, R., 1988. General
patterns of the phase behavior of mixtures of water, nonpolar solvents, amphiphiles, and electrolytes. Langmuir
4, 499-511; Anton, N., Vandamme, T.F., 2011. Nano-emulsions and micro-emulsions: clarifications of the
critical differences. Pharm. Res. 28, 978-985.)
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(ii) pathway A-C, which corresponds to sudden cooling of the system at constant
composition; and (iii) pathway A-D, which combines both dilution and cooling
(e.g., adding cold water). Pathway A-C occurs at constant composition and may
therefore be reversible process, while the other two pathways involve changes in
composition and are therefore irreversible. Traditionally, the PIT method was
considered to be the only transitional method for producing nanoemulsions.
However, the term transitional more generally refers to the change in solubility of
the nonionic surfactants whatever the pathway (e.g., A-B, A-C, or A-D) and can
therefore be used more broadly.

In addition, Fig. 4.2 shows that the nonionic surfactant seems freely soluble
in the oil phase whatever the temperature, but below cpBg, the surfactant shows
good affinity for both the water and oil phases. This temperature-dependent
change in relative solubility of surfactants around cpg plays a major role in the
emulsification process.

4.3 TRANSITIONAL EMULSIFICATION METHODS, EMULSION
PHASE INVERSION, SPONTANEOUS EMULSIFICATION, AND
UNIVERSALITY OF THE PROCESS

Let us focus now on the fabrication of nanoemulsions using low-energy emulsi-
fication methods based on these transitional phenomena. The formation of nanoe-
mulsions by these methods is a dynamic and irreversible process, thereby
establishing a direct relationship between ternary phase diagrams (at equilibrium)
and emulsification processes (dynamic) that is only justified to emphasize the
physicochemical interactions (and their modification with temperature and
composition) between the nonionic surfactant and the water and oil phases. Tra-
ditionally, the two most important transitional emulsification methods are the PIT
and spontaneous emulsification methods. In the following sections, the main
prin-ciples driving these processes are presented, and it is shown that they are based
on a universal mechanism related to the behavior of nonionic surfactants.

4.3.1 PIT Method

The particular feature of the PIT method is the presence of all the components (oil,
water, and surfactant) from the start of the process. In the PIT method, the ternary
system is constantly and mechanically homogenized (e.g., under gentle magnetic
stirring), and the temperature is monitored and gradually changed to force the
nonionic surfactant to cross the boundary shown in Fig. 4.2. Under these dynamic
conditions, the mechanical energy supplied constantly creates new droplets and new
interfaces that counterbalance any droplet coalescence that occurs. The droplets
formed are stabilized by the nonionic surfactant, and for an equilibrated water-to-
oil ratio of around 50 wt%, the type of the emulsion formed (O/W or W/Q) is driven
by the affinity of the nonionic surfac-tant for the water or oil phases, respectively.
The general principle of the PIT method is summarized in Fig. 4.3, which shows
the link between the binary
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FIG. 4.3 (Top) Schematic presentation of the phase behavior of ternary systems (water/nonionic surfactant/oil)
as a function of temperature, below (lower line, point E), equal (middle line, point F), and above (upper line,
point G) the phase inversion temperature. The pictures show the dif-ferent states of the corresponding emulsion
during phase inversion (made with MilliQ water/Kolliphor HS15/Labrafac

WL) and the resulting nanoemulsion (on the left, point H1, 2, or 3). The graphs from

(i) to (vi) show emulsion phase inverting with Brij 30 as surfactant in (i) (Rao and McClements, 2010),
(ii) (Astaraki, 2016), and (iii) (1zquierdo et al., 2004); Tween 80 in (iv) and (v) (Mei et al., 2011); and Kolliphor
HS15/1gepal CO-210 in (iv) (Klassen et al., 2014). The different examples show the influ-ence of (i) the nature
of the oil, (ii) and (iv) electrolyte concentration, (iii) and (v) surfactant concentration, and

(vi) different nonionic surfactant composition (see details in the text).
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diagrams discussed earlier and the ternary diagrams corresponding to the three-
component systems studied. Three different characteristic temperatures are empha-
sized, below (lower curve), equal to (middle curve), and above (upper curve) the cloud
point cpp. A model ternary system (45 wt% water, 45 wt% oil, and 10 wt% nonionic
surfactant) is represented as a function of temperature with E, F, and G, along with the
pictures showing the nature of the different dispersions.

Ternary phase diagrams clearly show the change of affinities of the surfac-tants
for the water and oil phases through the orientation of the phase lines, as a function
of temperature. At point E, the ternary diagram corresponds to a Winsor | system,
the surfactant shows a better solubility toward the aqueous phase, and the emulsion
formed is the oil-in-water (O/W) one; at point G, a Winsor 11 is formed, in which
the surfactant is mostly soluble in the oil phase, and the emulsion formed is a water-
in-oil (W/O) one; finally, point F corre-sponds to the intermediate configuration,
Winsor 111, where the nonionic surfactants present similar affinities for the two
phases forming a translucent microemulsion (see the picture). The temperature
marking the frontier between O/W and W/O emulsions is called PIT, which is
intrinsically close to the cloud

point (cpg) but possibly shifted depending on the nature of the oil (for which
the surfactant solubility in oil can vary).

Beyond the surfactant behavior and phase diagram, let us consider the emul-
sification method based on the phase inversion process, for which the determi-
nation of the PIT location is crucial. The characterization of the PIT is
performed by monitoring the electric conductivity x of the emulsion, for which
an electrolyte is added in water (keeping in mind that the electrolyte can also
influence the PIT). This allows the characterization of the emulsion phase inver-
sion and characterization of the parameters that can influence its value. This
method is based on the fact that the electric conductivity of the system is much
higher when water is the continuous phase (x of the order of millisiemens per
centimeter) than when oil is the continuous phase (x close to zero). With
increasing temperature, the conductivity decreases continuously in the phase
inversion region, with conductivity peaks sometimes being observed (attributed
to mesostructures and liquid crystals (1)). Overall, the PIT is taken to be located
at the middle of the transitional region. Representative examples are reported
in Fig. 4.3 (i)—(vi).

The graphs (i), (ii), and (iii) show the emulsion phase inversion obtained with Brij
30 (Fig. 4.1A) and the potential impact of the formulation and com-position parameters
on the PIT location. In graph (i), the nature of oil is changed by varying

the length of the saturated aliphatic chains (CnH2n+2 with n %10, 12, 14, or 16).
The PIT clearly increases as the oil chain length increases, showing a loss of Brij
30/0il affinity when the oil phase becomes more lipophilic. In graph (ii), the
electrolyte concentration in water is decreased from 1 to 0.01 M, and as a result, the
water solubility of the surfactant is increased (due to the decrease in the size of the
flickering cluster of water molecules around the polar head group; see Section 4.2)
increasing the PIT. Also for Brij 30, in graph (iii), the total surfactant concentration
is increased, which decreases their global solubility
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(as the water volume is constant) and thereby decreases the PIT. This compar-
ison is interesting to see the potential influence of these formulation parameters
on the PIT value, but the PIT shifts remain relatively limited, with the location
for Brij 30 remaining around 30-50°C. However, for different surfactants with
longer PEG chains (e.g., 20 units for Tween 80), the PIT can be up to 80°C, and
the effects of NaCl concentration in the water phase (graph (iv)) or of the total
surfactant concentration (graph (v)) are much more important. The last example
with Kolliphor HS15/1gepal CO-210 (graph (vi)) highlights this observation;
the figure shows emulsion phase inversion with a mixture of different
surfactants used at different ratios. Kolliphor HS15 is largely hydrophilic, and
Igepal CO-210 is largely lipophilic with 15 and 2 ethylene gly-col units,
respectively. This difference has a major impact on the PIT location: the higher
the Kolliphor HS15 proportion, the higher the PIT value. It is noteworthy that
other approaches can be used to monitor the emulsion phase inversion process,
such as turbidity measurements that are based on a change in the optical
properties resulting from alterations in the dimensions of the particles in O/W
emulsions, microemulsions, and W/O emulsions (Rao and McClements, 2011;
McClements, 2011).

The characterization of the phase diagram and of the phase inversion process is
important for the success and optimization of the emulsification using the
transitional approach. However, the formation of nanoemulsions is an irrevers-ible
process that involves a specific mechanism (Anton and Vandamme, 2009). The
principle is summarized in Fig. 4.4A in which the emulsion and location of the
nonionic surfactants are schematically represented during the emulsion
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FIG. 4.4 (A) Schematic illustration of the formation of nanoemulsions by the PIT method. The different
points E, F, and G correspond to the compositions shown in Fig. 4.3, and the nanoemulsi-fication to the
process is described in the text after dilution or rapid cooling of the system.

(B) Diameter of the nanoemulsion formed after dilution of the ternary system at the temperatures
indicated in the abscissa. (Reproduced with permission from Anton, N., Vandamme, T.F.,
2009. The universality of low-energy nano-emulsification. Int. J. Pharm. 377, 142-147.)
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phase inversion process and linked to the compositions indicated in the relevant phase
diagrams (Fig. 4.3). At point E, the majority of nonionic surfactant is sol-ubilized in the
aqueous phase, thereby stabilizing O/W emulsions; however, at point G, the surfactants
are primarily solubilized in the oil, thereby stabilizing W/O emulsions. Within the PIT
zone, at point F, there is a partition of surfactant between both phases, leading to the
formation of a nanoscale microemulsion, leading to a transparent appearance of the
overall system. If we draw a parallel with the composition pathways presented in Fig.
4.2 (A-B, A-C, or A-D) pass-ing from a

lipophilic to a hydrophilic state, herein (see Fig. 4.3), the correspon-dence is G-H3,

G-E, and G-H1, respectively. The general pathways gather the dilution and/or
cooling (Rao and McClements, 2011; Anton and Vandamme, 2009) and thus can

be extended to G-H3, G-H2, G-Hi, G-E, F-H2, and F-H1i. The irreversible
emulsification process comes from the rapid change of the water solubility of the
nonionic surfactants from a state where they are fully (point G) or partially (point
F) located in the oil to a state where they are primarily solubilized in water (points

E and H1,2,3). As a result, the water phase penetrates very fast into the oil/surfactant
mixture, breaking up the oil into the form of nanosized particles, following a
spinodal decomposition. The nanodroplets formed are then immedi-ately stabilized
by the surfactants present in the water phase, thereby forming a stable dispersion of
nanoemulsions (see Fig. 4.4A).

The impact of initial temperature before the nanoemulsification step is
shown in Fig. 4.4B (Anton and Vandamme, 2009). The system selected is Kol-
liphor HS15/Labrafil M1944CS, with a surfactant-to-oil weight ratio (SOR)
fixed at 30% and a water-to-oil weight ratio (WOR) fixed at 70%, with a PIT
around 80°C. The nanoemulsification process is performed with water dilu-tion
at room temperature (a different experiment for each point). The results show
that the nanoemulsion droplet size and polydispersity drastically decrease when
the system temperature approaches the PIT and then stabilizes above the PIT.
Therefore, this corroborates the mechanism proposed and emphasizes the
crucial importance of this parameter in the transitional nanoemulsification
process.

The last remark on the PIT nanoemulsification method will concern the size of
the droplets formed in the nanoemulsion. As seen in Fig. 4.4B, at T PIT, the droplet
diameter does not depend strongly on temperature, and so, this param-eter does not
strongly impact the final size of the droplets in the nanoemulsions formed.
However, one fundamental parameter is the concentration of nonionic surfactants
used, as shown in Fig. 4.5, for increasing concentrations of Tween 80 (increasing
surfactant-to-oil ratio) that the mean size of droplets in the nanoemulsions gradually
decreases. Fig. 4.5A shows the size distribution giving an image of the
polydispersity, and Fig. 4.5B only reports the mean size with the surfactant
concentration. It appears that the value of the mean size is strongly impacted by the
surfactant concentration used, from around 95 nm to around 45 nm, and from the
shape of the distribution, which becomes more monodis-perse. This was expected
since the nanoemulsification mechanism is directly
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FIG. 4.5 With the ternary system (paraffin oil/water/nonionic surfactant (a mixture of Tween 80
and Span 80)). (A) Size distribution and (B) mean radius, as a function of the surfactant-to-oil ratio
(S/0O) after nanoemulsification by the PIT method. (Reproduced with permission from Mei, Z.,
Xu, J., Sun, D., 2011. O/W nano-emulsions with tunable PIT induced by inorganic salts.
Colloids Surf. A Physicochem. Eng. Asp. 375, 102-108.)

linked to the behavior and displacement of the nonionic surfactants: the higher
the nonionic surfactant concentration, the higher the disorder induced in the oil
phase during emulsification and the smaller the droplets produced.

4.3.2 Spontaneous Emulsification and the Universality
of Transitional Emulsification

The term spontaneous emulsification comes from the simplicity of the emul-
sification process: the nanoemulsions are generated only by gently mixing two
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liquid phases. This method is in general considered and classified as a differ-
ent method than the PIT emulsification method, but in fact, they are very close
and based on the same mechanism. As a consequence, compared with the PIT
method, the spontaneous emulsification could appear for the formu-lator as a
preferred methodology for forming emulsions by giving the same result with a
much higher simplicity. On the other hand, to understand the sim-ilarities
between these two approaches, it is important to understand the mechanisms
driving the PIT method and the transitional processes described earlier.

As illustrated in Fig. 4.6A and B point J (and in Fig. 4.3) and largely sup-ported
by the literature (Anton and Vandamme, 2009, 2011; McClements, 2012; Lee et al.,
2014), the starting point of the process is a simple oil/surfac-tant system, set at a
temperature for which the surfactant has the best affinity for the oil phase, that is,
above the cloud point or PIT. Then, the mixture J is suddenly mixed with the
aqueous phase, at temperature lower than PIT (toward

Hz1) for the best efficiency, but in some cases, the nanoemulsification process is

more efficient at higher temperatures (H2 or H3) depending on the system, for
example, with the oil phase sensitive to temperature (solid lipid, wax, or very
viscous oils), and in that case, the water dilution is sufficient to modify the
surfactant solubility and induce nanoemulsification. Once the oil/ surfactant
mixture is in contact with water, changing suddenly the thermody-namic
condition to make surfactants more soluble in the aqueous phase than the oily

one, Fig. 6A(i) (system composition is, e.g., H1, H2, or H3), the water phase
rapidly penetrates the oil/surfactant mixture (Fig. 6A(ii)), break-ing up the oil
in the form of nanodroplets (Fig. 6A(iii)). In addition, in function of the
surfactant-to-oil initial ratio, that is, location of J on the surfactant/oil axis (see
Fig. 6B), the size of the resulting nanoemulsion droplets is strongly modified,
like in the example reported in Fig. 6C for a system prepared from Kolliphor
HS15/Labrafil M1944CS, where the size follows a monotonous decrease
according to a power law. Similar results were obtained with a mix-ture of
Tween 80/Span 80, showing similar trends and also emphasizing the strong
impact of the temperature of the system before dilution (Tong et al., 2016).

This mechanism is very close to the one described above for the PIT method
(Fig. 4.4). It is not surprising because the systems are quite similar, but this is
very interesting since it can simplify the nanoemulsification pro-cesses. In the
literature, the PIT method is often considered quite distinct from the
spontaneous emulsification method. However, the above discussion high-lights
that both methods are actually based on the same physicochemical phe-nomena
and can therefore be considered to be very similar. Therefore, these
considerations define the concept of universality for the formation of nanoe-
mulsions using low-energy emulsification, which originates from the very
specific behavior of nonionic PEGylated surfactants. One experimental obser-
vation that supports the fact that the same behavior of nonionic surfactants
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FIG. 4.6 (A) Schematic illustration of nanoemulsion formation using the spontaneous emulsification process. Point J corresponds to the compositions shown in
Fig. 4.3, and the schemes (i), (ii), and (iii) show the nanoemulsification mechanism in chronological order after dilution of the oil/surfactant mixture with water.

(B) Shown is the thermodynamic configuration of the system, before (J) and after the spontaneous emulsification process, dilution at the same temperature T > PIT
(H3),at T % PIT (H2), and at T < PIT (H1). (C) Nanoemulsion diameters are shown as a function of the surfactant content, after nanoemulsification by the
spontaneous emulsification method (surfactant ¥ Kolliphor HS15, oil ¥ Labrafil M1944CS (oleoyl macrogolglycerides), and aqueous phase ¥2 MilliQ water; curve
fit is a power law, to guide the eye). (Reproduced with permission from Anton, N., Vandamme, T.F., 2009. The universality of low-energy nano-
emulsification. Int. J. Pharm. 377, 142-147.)
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drives the nanoemulsification mechanism and thus the concept of universality
is the effect of the surfactant-to-oil ratio on the nanoemulsion droplet size,
which follows the same trend whatever the method. The results shown in Fig.
4.5 illustrate this fact for the PIT method, and the ones shown in Fig. 4.6C for
the spontaneous emulsification method. To further support this idea of
universality, the PIT and the spontaneous emulsification methods are com-
pared now with the same system (Kolliphor HS15/Labrafil M1944CS), on the
one hand following the spontaneous emulsification procedure for different SOR
and, on the other hand, following the PIT method over the same SOR range and
also with different WOR.

The results reported in Fig. 4.7 show the direct correspondence between the
two methods. In both cases, the droplet size of the nanoemulsions depends
neither on the method (at least for SOR 30%) nor on the WOR value, but only
on the surfactant concentration (SOR value), corroborating the predominant
role of the nonionic surfactant in the process and its governing role in the uni-
versal nanoemulsification process.

Spontaneous PIT method
emulsification
130 - Y ‘ !
e .-
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g | | L™ TTSspe® e - SOR =40 %
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FIG. 4.7 Size of nanoemulsions obtained from the spontaneous emulsification and PIT methods, for
different surfactant (SOR) and water (WOR) contents. Surfactant ¥4 Kolliphor HS15, oil % Labrafil
M1944CS, and aqueous phase, MilliQ water. Two stars ¥ PDI >c0.2; one star ¥40.1 < PDI < 0.2, and no
star ¥4 PDI <0.1. (Reproduced with permission from Anton, N., Vandamme, T.F., 2009. The
univer-sality of low-energy nano-emulsification. Int. J. Pharm. 377, 142-147.)
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4.3.3 Critical Difference Between Spontaneous Nanoemulsions
and Microemulsions

In a chapter on low-energy nanoemulsification, it appears important to empha-
size a confusion that is often made between nanoemulsions and microemulsions
(Anton and Vandamme, 2011; McClements, 2012). In fact, in some cases, the
structure and morphology of microemulsions can be very close to the one of
nanoemulsions, that is, in the form of spherical swollen micelles. On the other
hand, as we have seen in the previous section, the formation of nanoemulsions
by spontaneous emulsification can be very close to the methodology used to
fabricate microemulsions. These two factors have led to some of the confusion
between nanoemulsions and microemulsions, with undeniable impact on their
potential applications.

The first comment concerns the stability of nanoemulsions. Like almost all
emulsified systems, they exist in a metastable thermodynamic state, rather than in the
state with the lowest free energy. However, due to the small droplet size (which reduces
gravitational separation and droplet aggregation), the main pro-cess inducing their
destabilization is Ostwald ripening. This factor results in sta-bility of nanoemulsions for
months and even higher if specific additives (ripening inhibitors) slow down interdroplet
oil transfer. On the other hand, microemulsions are stable systems from a
thermodynamic point of view. They are formed as a result of the equilibrium between
oil, water, and surfactants, namely, all the phases are mixed homogeneously, whatever
the order of intro-duction, and the mixture is sealed and set at constant temperature until
equilib-rium is reached. However, the structure of microemulsions can change
considerably when the composition, temperature, and other parameters (such as
electrolyte, cosurfactant, or cosolvent concentration) are varied. Let us con-sider a phase
diagram (Fig. 4.8), showing some particular structures of micro-emulsions formed at a
temperature below the cloud point (T

<T(cpp)). The point K1 is the extreme case of a microemulsion (i.e., without oil), which
occurs when the surfactants are at a level above the CMC. Under these conditions, the
surfactants spontaneously form aggregates (typically containing tens or hun-dreds of
molecules) that have diameters below about and are in equilibrium with water (which
contains surfactant monomers at a concentration close to the CMC). Now, if we add to
this system a small amount of oil but keep the system in

the one-phase region (point K2), oil molecules are naturally entrapped inside the
micelles, forming swollen micelles. These swollen micelles show spherical
nanodomains dispersed in water and potentially have diameters between about 30
and 100 nm, which actually present a structure very close to the one of
nanoemulsions with the fundamental difference in their stability and formula-tion
method. If further oils are added to the systems, making it crossing the phase

boundary to a WOR ¥4 50% (point K3, two-phase region), the micelles cannot
“absorb” such a quantity of oil, and the excess oil appears at the top of the flask. If
the content of surfactant is further increased, the system will cross
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FIG. 4.8 Ternary diagram showing schematically the location of microemulsions and their
structures (see details in the text). (Reproduced with permission from Anton, N., Vandamme,
T.F., 2011. Nano-emulsions and micro-emulsions: clarifications of the critical differences.
Pharm. Res. 28, 978-985.)

again the phase boundary (point K5), and a one-phase bicontinuous microemul-
sion is generated. Point K5 simply shows the corresponding system with no sur-
factant, oil, and water at equilibrium.

This schematic representation lets us understand that, for a certain compo-sition
corresponding to K2, the particles in a microemulsion are morphologi-cally very close
to the ones in a nanoemulsion. In addition, the method of forming nanoemulsions by
spontaneous emulsification appears very close to the method used to form
microemulsions (describe above), with the main dif-ference being that the order of
mixing and introduction of the different com-pounds matters a lot. It is important to
clarify this point, because the formulation methodologies for nanoemulsions and
microemulsions could appear very similar, but the behaviors of these two colloidal
dispersions are quite different. However, even if the formulation of microemulsions
seems very simple and more convenient, the intrinsic properties of microemulsions are
less compatible with the applications as drug delivery systems. The first reason is the
limited concentration of droplets; the feasibility domain of spherical micro-emulsions
shown in Fig. 4.8 is quite small, meaning that the possible WOR values are only high;
thus, oil concentration is low, as opposed to nanoemul-sions where oil amount can easily
increase higher than 20% of the nanoemul-sion (Anton and Vandamme, 2009). The
second reason is the stability: even if microemulsions are thermodynamically stable,
unlike the nanoemulsions, they are not stable against the modification of thermodynamic
conditions like tem-perature or dilution that could correspond to a parenteral
administration.
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For instance, the dilution of a microemulsion with water makes the system move
toward the water corner, which can potentially change the structure and size of the
particles and potentially cause precipitation of an encapsulated drug.

4.4 APPLICATIONS OF TRANSITIONAL NANOEMULSIONS
FOR ENCAPSULATION OF ACTIVE PRINCIPLE INGREDIENTS

This last section will detail some potential applications of spontaneous emul-
sification for forming nanoemulsion-based systems. These potential applica-tions
include the homogeneous and stable dispersion in water of lipophilic molecules,
drugs, contrast agents, imaging probes, and polymers. Therefore, the question we
address here deals with the potential influence of the encap-sulation of such API on
the emulsification process itself. The examples pre-sented in this work support the
idea that the chemical nature of the compounds used matters a lot. Due to
differences in the specific affinities of nonionic sur-factants for different oil and
water phases, it may be possible to form a nanoe-mulsion with one type of oil, but
not with another type of oil, using the same procedures. This signifies the fact that
a modification of the composition of the oil, for the same surfactant and the same
proportions, can have significant consequences on the nanoemulsion droplet size
and polydispersity. This effect may also be important when lipophilic API are
solubilized in the oil phase and depend on the chemical characteristics and
concentrations used. Some exam-ples are reported in Fig. 4.9, showing the impact
of the nature of the oil, sol-ubilization of drug, and chemical modification of the oil,
on the nanoemulsification process. Fig. 4.9A shows typical size-SOR graphs for
nanoemulsions generated by spontaneous emulsification (Anton and Vandamme,
2009) performed with the same surfactant (Kolliphor HS15) and the same protocol
(temperature of dilution at 90°C) and different oils: Labrafac WL (medium-chain
triglycerides) and Labrafil M1944CS (oleoyl macrogolglycerides). These results
clearly illustrate the discussion above; the chemical nature of the oil phase is a key
parameter driving the efficiency of spontaneous emulsification, revealed by a
difference in the droplet sizes obtained, which can be, for example, around 100 nm
for SOR %40%. Inter-estingly, the two curves meet each other for the highest
surfactant concentra-tions, in accordance with the fact that nonionic surfactants
override the effects of oil, for example, at SOR >80%.

The two other examples presented in Fig. 4.9(B1) and (B2) show the nanoe-
mulsification processes (Vandamme and Anton, 2010) still performed using the
same conditions, for Kolliphor ELP/Labrafil M1944CS and Kolliphor
HS15/Labrafac WL, respectively. These two sets of results compare the
nanoemulsions encapsulating a lipophilic drug (diclofenac at 1 wt% in oil,
diclofenac-loaded nanoemulsions) with the empty nanodroplets (drug-free
nanoemulsions), and the results give very close curves, whatever the surfactant
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FIG. 4.9 Nanoemulsions formed by spontaneous emulsification, presenting the effect of the sur-
factant content (SOR) on the mean droplet size of the dispersion: (A) comparing the nature of oil;
(B) comparing the presence and absence of lipophilic drugs at 1 wt% in the oil core; and

(C) comparing the chemical modification of oils (see the text for details on the compositions for
each case). (Reproduced with permission from (A) Anton, N., Vandamme, T.F., 2009. The univer-sality
of low-energy nano-emulsification. Int. J. Pharm. 377, 142-147; (B) Vandamme, T.F.,

Anton, N., 2010. Low-energy nano-emulsification to design veterinary controlled drug delivery devices.
Int. J. Nanomedicine 5, 867-873); (C) Attia, M., Anton, N., Chiper, M., Akasov, R., Anton, H.,
Messaddeq, N., Fournel, S., Klymchenko, A., Mely, Y., Vandamme, T.F., 2014. Biodis-

tribution of X-ray iodinated contrast agent in nano-emulsions is controlled by the
chemical nature of the oily core. ACS Nano 8, 10537-10550.)
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oil system. Even if the curves are not exactly superimposed, in that case, the
presence of drug solubilized at 1 wt% does not affect this robust process. On
the other hand, if the oil is chemically modified to graft iodinated com-pounds
(two triiodobenzene function per oil molecules) for imaging applica-tions, the

process is seriously affected. This is the case shown in Fig. 4.9C1 and C2 (Attia et
al., 2014), for triglycerides and monoglycerides, respectively, where the
noniodinated molecules are presented with the filled circles (plain lines) and the
iodinated compounds with empty squares (dashed lines). The difference between
these two curves is important, and in fact, the molecule iodination results in a
decrease of the efficiency of the process, either significantly increase

the droplet size or simply not allow the emulsification to occur as in Fig. 4.9C1
for SOR values below 60%. This is likely due to an increase of the lipophilicity
of the oily molecules after iodination that probably reduces the solubility of
nonionic surfactants. This result supports the first observation shown in Fig.
4.9A that the nature of the oil importantly matters. To conclude, this section
reports representative examples of nanoemul-sification produced by
spontaneous emulsification, comparing different oils with the same nonionic
surfactant, or encapsulating a lipophilic drug. It appears that the process is
robust enough for keeping the same efficiency with including an API
solubilized at 1 wt%. Other examples in the literature (Kilin et al., 2014) show
that the efficiency of the process is conserved up to 8% (of lipophilic near-
infrared dyes in oil). However, it is drastically influ-enced by the nature of the
oil and notably by a change of the lipophilic properties of oils.

As a last remark, it should be noted that spontaneous nanoemulsification has
also been adapted to the encapsulation of hydrophilic pharmaceutical ingredi-ents
using various formulation strategies. The first strategy was to incorporate
hydrophilic species directly into the oil phase using reverse micelles (Vrignaud et
al., 2011; Anton et al., 2010), following exactly the same formulation proce-dure as
described above (PIT method) with oils containing model hydrophilic dyes like
fluorescein sodium salt or doxorubicin hydrochloride. The second strategy involved
adapting the spontaneous emulsification method for the for-mulation or reverse
nanoemulsions, that is, W/O nanoemulsions. This proce-dure has been described by
several research groups (Vrignaud et al., 2013; Anton et al., 2009; Assadpour et al.,
2016a,b; Assadpourand and Jafari, 2017; Mohammadi et al., 2016a,b; Esfanjani et
al., 2015, 2017; Mehrnia et al., 2016, 2017) and allowed the fabrication of W/O/W
nanoemulsions by carrying out a second emulsification of the primary W/O
nanoemulsion. These studies allowed the encapsulation of model hydrophilic dyes
(methylene blue); proteins (bovine serum albumin) (Vrignaud et al., 2013; Anton et
al., 2009); and other bioactive compounds like folic acid, crocin, olive leaf
phenolics, and saf-fron extract (Assadpour et al., 2016a,b; Assadpourand and Jafari,
2017; Mohammadi et al., 2016a,b; Esfanjani et al., 2015, 2017; Mehrnia et al., 2016,
2017).
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4.5 CONCLUSION

In this chapter, the principles of nanoemulsion formation by low-energy tran-sitional
methods were presented. At first, we presented the main phenomenon driving the low-
energy emulsification methods, which is based on the physico-chemical behavior of
nonionic surfactants. We discussed not only this behavior in terms of the interactions
between the PEG moiety and water phase and the role of temperature causing the cloud
point but also other factors like the type and level of electrolytes in water, impacting
directly on the location of the phase boundary. Then, the link between the
physicochemical behavior of nonionic surfactants and nanoemulsification was
developed, through a discussion of the PIT and spontaneous emulsification methods.
The different ways to perform these nanoemulsification methods, the impact of
composition and temperature, and their limitations were presented and critically
assessed. A link between phase diagrams (reflecting surfactant behavior) and the
nanoemulsification pro-cess (due to temperature and/or composition changes) was
highlighted. Through the nanoemulsion properties, mainly size and polydispersity, the
PIT and spontaneous emulsification methods were compared. We emphasized a
universality of the emulsification mechanism based on the behavior of non-ionic
surfactants. The critical difference between microemulsions and nanoe-mulsions was
highlighted. Finally, the impact of including active ingredients or changing the nature of
the oil phase on the formation of nanoemulsions by the transitional emulsification
method was presented, because this has important implications for the practical
application of this technology.
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Synthesis of W/O nano-emulsion by spontaneous emulsification
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Synthesis and Physicochemical Characterization of Water in Oil Nano-Emulsion

Prepared by Spontaneous Emulsification

Salman Akram, ¥ Thierry Vandamme, Nicolas Antont
T Université de Strasbourg, CNRS, CAMB UMR 7199, F-67000 Strasbourg, France

Abstract

Spontaneous emulsification is an interesting method for generating nano-emulsions because of
simplicity of the process. Experimental procedure does not involve use of any specialized
instrument or external energy for creating nano-droplets. In our study, we have exploited
spontaneous emulsification to produce water-in-oil nano-emulsions. The water-in-oil nano-
emulsions are a system able to encapsulate hydrophilic molecules. It can offer an alternative to
liposomes and double emulsions for hydrophilic drug delivery. In our study, we have investigated
the spontaneous emulsification processes to produce water-in-oil nano-emulsions, by two different
methods. We have shown that by changing surfactant concentration, surfactant type, phase ratio
and oil type, the particle size and polydispersity of the nano-emulsions can be controlled.
Irrespective of the method, surfactant type, phase ratio and oil type, increasing the surfactant to oil
ratio always lead to decrease in the particle size. The study offers new horizon for hydrophilic drug

encapsulation and drug delivery.

Keywords: Spontaneous emulsification; nano-emulsification; surfactants; water-in-oil nano-
emulsion.
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1. Introduction

Nanomedicine has emerged an important field of research from the past few decades due to number of
advantages over conventional therapeutic option [1, 2]. Nano-emulsions are one of the most important
drug vehicles in nanomedicine which offer the possibility of carrying both hydrophilic

[3] or lipophilic drugs [4] or both at the same time in form of double nano-emulsions [5, 6]. Nano-
emulsions have certain advantages such as low toxicity, high physical stability, high absorption
value, improved bioavailability of drugs, helps to mask taste [7, 8]. An important consideration
about nano-emulsions is that they are thermodynamically unstable and kinetically stable [9]. Their
thermodynamic instability is mainly because their free energy is greater than zero. The free energy
depends upon interfacial area and surface tension and upon mixing of two different phases these
two factors leads to free energy greater than zero and hence in thermodynamic instability of nano-
emulsions [10]. On the other hand, gravitational separation and droplet aggregation is very small
due to very small size of nano droplets and hence it makes these systems kinetically stable [11].
The main mechanism of their breakdown is Ostwald ripening [12], that is growth in formation of
large droplets favored by diffusion of oil molecules through the aqueous phase. Therefore, we
prefer nano-emulsions with narrow particle size distribution and addition of ripening inhibitors to

reduce Ostwald ripening [13].

Nano-emulsions can be formed by several ways that are mainly divided into the high energy and low
energy methods [10, 14]. The most popular high energy methods are high speed homogenization,
Micro fluidization and Ultrasonication [10] . The low energy methods [15] also known as transitional
nano-emulsification methods are mainly divided in literature as phase inversion and spontaneous
emulsification methods. In this project, we have made our nano emulsion by a low energy method

known as spontaneous emulsification method. So, we will investigate the detail of this method,
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mechanism of formation of nano-droplets and some of the most important factors that influence
the formation of nano particles by this method.

Spontaneous emulsification simply involves gentle mixing of two different liquid phases into each
other in a way that intrinsic physico-chemical properties of surfactants are exploited to create the nano
droplets [8]. One of the main advantages of spontaneous emulsification is that they offer the formation
of nano-emulsions without the use of any specialized instrument with robustness [16]. They can be
used for the formulation of sensitive components that are prone to degradation by high energy methods
such as some sensitive proteins. Spontaneous emulsification process is mainly driven by the properties
of surfactant and surfactant to oil ratio (SOR) entering in the formulation composition [17]. High SOR
leads to smaller droplet size as compared to low SOR, which is mainly because the high surfactant
amount leads to greater disorder in the system and more turbulent flow inside the system as compared
to low surfactant amount upon addition of other liquid phase in which surfactant is normally more
soluble. This greater disorder leads to more powerful turbulent flow and hence decrease in particle size

[8, 10, 17].

Spontaneous emulsification is mainly used for the encapsulation of lipophilic drugs by making O/W
nano-emulsions [10]. However, in our paper we have used it for the encapsulation of hydrophilic
materials by making W/O nano emulsions. We have introduced two very novel methods to create W/O
nano-emulsion, following the same principle of spontaneous emulsification. We have shown that both
these methods are compatible with a range of phase ratios between oil and aqueous phase, different

surfactants and mixtures of surfactants, types of oil and other such variables.
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2. Materials and Methodology

a) Materials
Model parenteral oil compatible with parenteral administration (Labrafac® WL 1349) was obtained

from Gattefossé S.A., Saint-Priest, France. This is a mixture of capric acid and caprylic acid. Whereas
peanut oil, mineral oil, olive oil, soya bean oil, sesame oil, span 80 and span 85 were purchased from
Sigma Aldrich (Merck), France. Polyglycerol polyricinoleate (PGPR) was kindly gifted by Stéarinerie
Dubois (Boulogne-Billancourt, France), This emulsifier is largely used for human consumption, and,
e.g. approved for their used in food formulation by the FDA (Food and Drug administration) and the

JECFA (Joint FAO/WHO Expert Committee on Food Additives).

b) Methodology

The Inverse nanoemulsions are made by two unique methods mentioned here as Method A and

Method B.

Method A

In method A, nano-emulsions were prepared by spontaneous emulsification by the controlled
addition of the aqueous phase in the oil plus surfactant mixture. The experiments were conducted in a
100 mL beaker at room temperature (20°C). In all the experiments, final nano-emulsion always have
a total volume of 10 mL. Initially, oily phase was prepared by mixing oil and lipophilic surfactants,
and then gently mixed using them magnetic stirrer (at a fixed velocity, varied in function of the
experiments). for 5 minutes. Aqueous phase was added at a predetermined constant rate to the oily
phase by a peristaltic pump over a definite predetermined time. Then the W/O nano-emulsion formed

and was further homogenized for five more minutes. Important to note that the further
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homogenization did not lead to any improvement in the formulation regarding particle size and
dispersity.

Method B

In the method B, nano-emulsions were prepared by another method of spontaneous emulsification

& involves gentle mixing of oil to mixture of lipophilic surfactant and water. The experiments were
conducted in 4 mL glass vial at room temperature. In all the experiments, final nano-emulsion always
have a total volume of 2 mL. Initially, lipophilic surfactant was mixed with water

& homogenized by magnetic stirrer at 500 rpm for five minutes. Then oil was added
instantaneously by disposable pipette and the mixture was homogenized by vortex mixing for 5

minutes.

c) Physico-chemical Characterization and Variables tested

Particle Size and Dispersity value was determined by zeta sizer (Malvern (Malvern ZS 90)

for all the different formulations of primary emulsions. The reverse nano-emulsions, formerly opaque
(since concentrated) were diluted with the continuous oil phase till they become totally transparent.
Then, one more little drop of nano-emulsions was added into the dilution to make the translucent
sample ready to be characterized. For each formulation three readings were taken by the instrument.
As each formulation was repeated three times, so the final value reported was average of total nine

readings.

For method A, a variable (i.e. effect of different process parameters) on particle size and dispersity
was noted. Then for both methods, three different additional variables were tested (i.e., effect of

surfactant nature and surfactant mixture, effect of phase ratio and effect of oil nature).
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Effect of process parameters

For method A exclusively (since not applicable to method B), influence of process parameters
such as aqueous phase addition rate and homogenization speed was noted on the particle size at
fixed SOR of 20 % and Phase ratio of Oil / Aqueous phase of 80 : 20. Aqueous phase addition
rates of 0.1, 0.2, 0.4, 0.8 and 1 mL/min were explored whereas homogenization speed of 100, 300,
500, 700 and 1000 rpm were investigated. For these set of experiments, oil phase was containing

PGPR and Labrafac in oil phase where aqueous phase contains simple distilled water.

Effect of surfactant nature and surfactant mixture at different surfactant to oil ratios

In the next set of experiments, the influence of surfactant to oil ratios and surfactant type on particle
size was investigated. In these set of experiments phase ratio of oil/aqueous was set at 90:10 and SOR
was varied from 5 % to 25 %. Three different surfactants PGPR, Span 80 and Span 85 was tested with
Labrafac oil in the oil phase separately. Aqueous phase simply consisted of distilled water and for the

method A it was added at rate of 0.4ml/minute for these set of experiments.

In addition, when pure surfactants were used above, different surfactant mixtures in different ratios
of 1:3, 1:1 and 3:1 were investigated, and their effect on the particle size and dispersity. The SOR

was set at 20 % and phase ratio of oil and aqueous phase was 90:10.
Effect of phase ratio at different surfactant to oil ratios

Then nano-emulsions were prepared at different phase ratios of oil/aqueous phase are 70:30, 80:20

& 90:10 at different surfactant to oil ratios. For these set of experiments the oil phase was

made up of PGPR and Labrafac and aqueous phase made up of simple distilled water.
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Effect of oil type

The influence of oil type was investigated by changing the oil nature into the oil phase. For these

set of experiments, surfactant to oil ratio SOR = 20 % and surfactant PGPR was used.

3. Results and Discussion

a) Effect of process parameters

For the Method A, first the effect of different process parameters such as effect of aqueous phase
addition rate and stirring speed was noted on particle size and dispersity. The results are shown in
figure 1. It is shown that an optimum range of both of parameters is needed to produce nano-

emulsion with an optimum particle size.
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Figure 1 : Influence of process parameters i.e. stirring speed and aqueous phase addition rate on the particle size (nm)

It is reported in literature that stirring does not have any influence on the spontaneous behavior of

nano-emulsion but it can increase the rate of emulsification [10]. The procedure doest not require

78|Page



any external energy like in case of high-pressure homogenization and sonication but stirring always
helps to speed up the process. During the procedure, the formation of new droplets is favored by stirring
and literature generally mentions that increasing the homogenization speed can lead to decrease in the
particle size [18]. In our procedure, this system follows the same trend from 100 to 500 rpm but above
500 rpm the particle size is again increased. This increase in this particle size is generally believed to
be by re coalescence of few particles to form bigger droplets. Obviously one can predict that at a very
high speed of stirring the rate of formation of new droplets is so high that newly formed surfaces does
not get any surfactant molecules to stabilize them and hence coalescence happens which lead to
formation of bigger droplets. This behavior for W/O nano-emulsion is well reported in literature and

hence our system follows the same trend [19].

The rate of addition of water also follows the same trend as of stirring speed. By increasing the
addition rate beyond 0.4 mL the nano-emulsion droplet size increases. This is explained by the
fact in the dilution pathway when high amount of water is added in short time. This leads to

nucleation growth and leads to increase the particle size.

b) Effect of Surfactant to oil ratio, nature of surfactants and mixture of

surfactants Method A

The results of nano-emulsion droplets produced by both methods is given in the figure 2 and 3.
The results clearly show that surfactant to oil ratios and surfactant type has an influence over the
particle size of nano-emulsions. But before going further into the detail of this impact of surfactant
on particle size, we will provide a brief overview of mechanism involved in the spontaneous

emulsification by this method.
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Figure 2: Influence of surfactant concentration and surfactant type on the particle size by (a) Method A and (b) Method B

In method A, nano-emulsification is done by a method known as emulsion phase inversion point
method [10]. In case of W/O nano-emulsions, first microemulsion or liquid crystals are generated
that are thermodynamically stable and then dilution by water molecules leads to formation
thermodynamically unstable but kinetically stable nano-droplets. In our method, we progressively
changed the concentration of water by adding it at a continuous rate into the oil and lipophilic
surfactant. This addition leads to change the affinity of the surfactants for water and oil phases and
hence creates instabilities in the phases. The oil / water interaction is weakened by this and
interfacial fluctuations take place in the system, giving rise to the formation of nano-emulsion
droplets.

The newly formed nano-emulsion droplets are not so stable and coalescence can happen. This will lead
to formation of bigger droplets, again and so an optimum amount of surfactant is needed to cover the
newly formed interfaces. The results show that the higher the concentration of surfactant, the lower is

the particle size produced [20]. This is explained by the above mechanism that higher
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amount of surfactant leads to stabilization of nano-emulsion droplets and prevents them from

coalescence.

In the next step, different surfactant mixtures were also studied to determine the impact of the
surfactant type and surfactant mixture in the particle size as shown in figure 3.
400

350
— 300

nm

=250

3

150

Particle Size
[y
S 8

o

25/75 50/50 75/25
Surfactant Mixing Ratios

m PGPR/SPAN8S8O mPGPR/SPAN 85 m SPAN 80/SPAN 85

Figure 3: Influence of Surfactant Mixture on Particle Size

It I swell known that in function of the oil type, the HLB required will define the optimum formulation,
and thus the interfacial efficiency of surfactants depends on the surfactant mixture [21, 22]. Herein we
studied different mixtures made with Span 80 (HLB = 4.3), Span 85 (HLB = 1.8) and PGPR (HLB =
1.5). So, we have exploited three different lipophilic surfactants with very low HLB value for
production of nano-emulsions. The higher lipophilicity of the surfactant decreases the mass transfer
inside the droplets and deceases the nucleolus growth and hence leads to decrease in particle size

[22].
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Our results show that the particle size is affected by nature of the surfactant and follows the trend
of decreasing particle size as span 85 > span 80 > PGPR. Indeed, particle size is least with the
PGPR and highest with Span 85. This shows that HLB value is not the sole criteria, and the trend

IS not always same as some studies report not following this trend [20].

It is now believed that surfactant geometrical configuration also plays an important part in
determining the final size of the nano-emulsion droplets [23]. The molecular geometry of the
surfactant effects the packing parameters of the surfactant. This packing parameter have an
influence on the interfacial tension and rheology of surfactant and hence can impact the
spontaneous emulsification process. Another method suggests that presence of double bonds in
nonpolar structure of nonionic surfactant leads to reduction in particle size of nano-emulsions [24].
This shows that surfactant HLB is not the final parameter in determining the particle size of nano-
emulsions.

Method B
In method B, the results follow the same trend as we saw in the Method A as reported in Figure 4.
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Figure 4: Influence of surfactant concentration and surfactant type on particle size (Method B)
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In this method, spontaneous phenomenon simply arises from the fact that nonequilibrium states arise
when two different immiscible phases are brought into contact with each other without stirring.
Spontaneous emulsification only occurs under specific conditions and in a very rare case nano-
emulsion droplets are produced. The surfactant is normally first added into the phase in which it is
generally less soluble. Upon introduction of the second phase the surfactant diffuses into second phase
because of its preferential solubility into the two phases. The emulsification is promoted by diffusion
of this surfactant into the opposite phase in which it becomes more soluble after their mixing. By
monitoring the diffusion pathway, we can predict the spontaneous emulsification phenomenon. The
energy of spontaneous emulsification comes from the interfacial turbulence produced by the diffusion
of the surfactant between two different phases. The sufficiently large interfacial turbulence leads to
droplet breakup in to nano-emulsion region. Through this sight, the higher the amount of the surfactant
initially in the system, the greater is interfacial turbulence produced and hence smaller is the particle
size produced. This is the reason that increasing the surfactant concentration can lead to decrease in
the particle size of nano-emulsions. The stirring has no influence on the intrinsic phenomenon of
spontaneous emulsification, but it can increase the rate of emulsification by increasing the

interfacial area [10].

PGPR produced nano-emulsions with the smaller particle size. In the next step, different surfactant
mixtures ware prepared but as shown in the method A, PGPR was alone best regarding producing
small particles. Moreover, higher the amount of PGPR in the mixture smallest is the particle size

produced as shown in figure 5.
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Figure 5: Influence of Surfactant Mixture on particle size (Method B)
c) Effect of Phase Ratio at different Surfactant to Oil

Ratios Method A

The particle size and PDI of different formulation is affected by changing the SOWR or phase ratio
from Qil: Aqueous Phase from 70:30 to 90:10. The W/O emulsion was prepared at aqueous phase
addition rate of 0.4ml/min, Homogenization Speed of 500 RPM. The oil phase contains PGPR and

Labrafac whereas aqueous phase just contains distilled water.

84|Page



250

200

150

100

Particle Size [(nm)

Su

10/30 15/25 B8ly20 8515 S0/10
Surfactant to oil ratios SOR %

MSORS5% BSSOR10% eSOR1S% eSOR20% MSOR2S%

Figure 6: Influence of phase ratio or SOWR % at different Surfactant to oil ratios, Method A.

At higher SOWR of 90 %, the particle size is least dropping to 119 nm. First, as shown in the figure at
every SOWR %, increasing the surfactant to oil ratios leads to decrease in the particle size. The
principle behind this phenomenon is explained in the section below. When we start titrating our mixture
of surfactant and oil, the microemulsion network loses its thermodynamic stability and system is
favored in the nano-emulsion range. Some of the experiment have been done at SOWR 5 %, but at that
phase only microemulsion lose network has been observed. When add further little water the system
turns into liquid crystal phase before changing into the transparent nano-emulsion system. If we keep

on adding water and go from water concentration from 10 % to 30 % the nano-
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emulsion turn into the milky appearance and particle size is increased. The same phenomenon have

been observed and reported before and have been reported quite frequently in literature [25, 26].

Method B

The particle size and PDI of different formulation is affected by changing the SOWR % or phase
ratio as shown in Figure 7. The oil phase contains PGPR and Labrafac whereas aqueous phase just

contains distilled water.
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Figure 7: Influence of SOWR % on particle size at different surfactant to oil ratios, Method B.

As with Method A, method B also produced nano-emulsions of comparable particle size and dispersity
values. As compared to Method A, the method B produces the particle size with smaller particle size.
This is mainly because that this method exploits the intrinsic energy of the nano-emulsion component
in better way. The rapid transfer of lipophilic surfactant from aqueous phase to oil leads to turbulent

flow in the system and this turbulent flow leads to drop in particle size. The

86|Page



higher the amount of surfactant, the higher the amount of turbulence force produced. This leads to
formation of smaller particle size. Although, particle size produced is small as compared to Method

A, but the dispersity is high in Method B ranging from 0.2 to 0.35.

d) Effect of oil type

Method A

The effect of different kind of different oils can have impact on the particle size of nano-emulsions.
The nano-emulsion composed of PGPR, Labrafac and Distilled water and was prepared at phase
ratio of oil/water 90:10 and SOR 20 %. The results are shown in the figure 8.
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Figure 8: Impact of type of oil on particle size (nm)

The physicochemical properties of oil can have influence on the particle size of nano-emulsions.
Different literature reports have proposed that viscosity can have impact on the particle size of nano-
emulsions, as affecting by the critical Weber number. Increasing the oil viscosity impacts on the ratio
of viscosity between dispersed and continuous phase, and thus on the break-up of the droplets during
the emulsification process [8]. Accordingly, the viscosity of the oil taken alone cannot be predictive a

dn in some increasing the oil viscosity leads to increase the droplet size [11, 27].
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When we change the nature of oils and their impact on the droplet size, the effect is weak. The

result show that the nature of oil has a limited influence on the particle size.

Method B

Similar results were found through the method B, nano-emulsions of comparable particle size was
produced as shown in figure 9. There was no correlation found between the physicochemical properties

of oil and particle size produced.
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Figure 9: Impact of type of oil on particle size
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4. Conclusion

The results show that our system is capable of producing W/O nano-emulsions with a range of
surfactants, oils and aqueous phase composition. Both methods can be exploited to form nano-
emulsions with range of particle size. In all the variables tested, surfactant to oil ratio was the main
factor in determining the final particle size of nano-emulsion droplets. Moreover, surfactant type
also plays an important role among other contributing processes. The real originality of the system
lies in the utilization of peristaltic pump to add aqueous phase at a constant rate in the method A
that helps to control the process and makes it more reproducible. Whereas other originality lies the
first time use of this spontaneous emulsification pathway to produce W/O nano-emulsions. The
system offers possibility of hydrophilic molecules for drug delivery and opens avenues for
researchers doing research in developing different drug delivery systems for the encapsulating the

hydrophilic molecules.
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Executive Summary

This section consists of two parts, the first part is chapter 6 which consists of
overall conclusion & perspective of our studies. The second part consists a bird
eye view of some of additional research work, in which | worked in collaboration
during my PhD. At the end this part contains list of the publications achieved

during the PhD.
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CHAPTER 6

Conclusion & Perspective
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Conclusion & Perspectives

The objective of PhD work was the development of the novel methods of
formation of simple, inverse & double emulsion systems by using several
strategies. We were seeking to draw a comparative analysis of different
technologies used to produce nano particle generated in the form of the emulsion
system. The technologies we investigated during the PhD process were

Microfluidization, Ultrasonication & Spontaneous emulsification.

During the first study, it was observed that combination of Microfluidization &
spontaneous emulsification can be transposed to produce double emulsions at
nano scale successfully. The study provided a firm theoretical background &
foundational research work to produce double emulsions at nano scale by
combination of classical methods of production of double emulsions at micro

scale.

The second study was the continuation of our first study in a way but using
combination of different technologies & addressing more solutions faced by the
formulation scientist for production of double emulsions at industrial scale. One of
the most important challenge regarding double emulsions at nano scale is their low
encapsulation efficiency. Our study responded to this challenge by formation of
silica shell at the interface of the primary W/O nano-emulsion. This was never
reported in literature before that the encapsulation efficiency of double emulsions at

nano scale without any modification of the internal phase. The method was
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simple, reproducible & can be exploited for encapsulation of hydrophilic &

lipophilic molecules at industrial scale.

The third study provided an alternative way of encapsulation of hydrophilic
molecules by creation of W/O nano-emulsion by spontaneous emulsification. The
study filled gaps in research on W/O nano-emulsions as there are very limited
research available on this interesting drug delivery system. The study concluded
that W/O nano-emulsions can be effectively produced by spontaneous
emulsification. The system also offered an alternative opportunity for
encapsulation of hydrophilic drugs in addition to double emulsions & liposomes

& can be exploited at the industrial scale.
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Additional Research Work: Appendix A

Development of doxorubicin hydrochloride loaded pH-
sensitive liposomes: Investigation on the impact of
chemical nature of lipids and liposome composition on
pH-sensitivity.
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Abstract

This study investigates the impact of the chemical nature of lipids and additive on the formulation
and properties of pH sensitive liposomes. The objective is to understand the respective role of the
formulation parameters on the liposome properties in order to optimize the conditions for efficient
encapsulation of doxorubicin (DOX). These liposomes should be stable at physiological pH, and
disrupt in slightly acidic media such as the tumor microenvironment to release their DOX load. The
major challenge for encapsulating DOX in pH sensitive liposomes lies in the fact that this drug is
soluble at low pH (when the pH-sensitive liposomes are not stable), but the DOX aqueous solubility
decreases in the pH conditions corresponding to the stability of the pH-sensitive liposomes. The
study of pH-sensitivity of liposomes was conducted using carboxyfluorescein (CF) encapsulated in
high concentration, i.e. quenched, and following the dye dequenching as sensor of the liposome
integrity. We studied the impact of (i) the chemical nature of lipids (dioleoyl phosphatidyl
ethanolamine (DOPE), palmitoyl-oleoyl phosphatidyl ethanolamine (POPE) and dimyristoyl
phosphatidyl ethanolamine (DMPE)) and (ii) the lipid/stabilizing agent ratio (alpha-tocopheryl
succinate), on the pH sensitivity of the liposomes. Optimized liposome formulations were then
selected for the encapsulation of DOX by an active loading procedure, i.e. driven by a difference
in pH inside and outside the liposomes. Numerous experimental conditions were explored, in
function of the pH gradient and liposome composition, which allowed identifying critical parameters

for the efficient DOX encapsulation in pH-sensitive liposomes.
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Abstract

In general, nano-emulsions are submicron droplets composed of liquid oil phase dispersed in liquid
aqueous bulk phase. They are stable and very powerful systems when it regards the encapsulation of
lipophilic compounds and their dispersion in agqueous medium. On the other hand, when the
properties of the nano-emulsions aim to be modified, e.g. for changing their surface properties,
decorating the droplets with targeting ligands, or modifying the surface charge, the dynamic liquid /
liquid interfaces make it relatively challenging. In this study, we have explored the development of
nano-emulsions which were not anymore stabilized with a classical low-molecular weight surfactant,
but instead, with an amphiphilic polymer based on poly(maleic anhydride-alt-1-octadecene) (PMAO)
and Jeffamine®, a hydrophilic amino-terminated PPG/PEG copolymer. Using a polymer as stabilizer is
a potential solution for the nano-emulsion functionalization, ensuring the droplet stabilization as well
as being a platform for the droplet decoration with ligands (for instance after addition of function
groups in the terminations of the chains). The main idea of the present work was to understand if the
spontaneous emulsification —commonly performed with nonionic surfactants— can be transposed with
amphiphilic polymers, and a secondary objective was to identify the main parameters impacting on
the process. PMAO was modified with two different Jeffamine®, additionally different oils and
different formulation conditions were evaluated. As a control, the parent monomer, octadecyl succinic
anhydride (OSA) was also modified and studied in the similar way as that of polymer. The generated
nano-emulsions were mainly studied by dynamic light scattering and electron microscopy, that allows
discriminating the crucial parameters in the spontaneous process, originally conducted with polymers
as only stabilizer. Keywords: Spontaneous emulsification; PMAO; nano-emulsion; surfactant;

Jeffamine.
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Résumé
Techniques d'émulsification et systemes d'émulsion, nanoparticules

L'objectif principal de cette thése de recherche est d'analyser les systemes
d'administration de médicaments sous forme de particules, en particulier les
émulsions sous différents angles. A cet égard, la présente thése couvre de maniére
exhaustive trois aspects principaux de ces systémes d'administration de
médicaments. Premiérement, il donne un apercu détaillé des différentes techniques
d’émulsification, telles que la microfluidisation, les ultrasons et les méthodes de
transition, et fournit une comparaison et les avantages relatifs de ces techniques par
rapport a d’autres. Deuxiemement, la thése donne également une vue détaillée de
différents systémes d'émulsion tels que les émulsions inverses et doubles a I'échelle
micro et nanométrique et aborde des solutions a certains des problemes clés associés
a ces systemes. Troisiemement, la thése couvre également différentes techniques de
caractérisation physico-chimiques pour analyser ces différents systemes, leur
fonctionnalisation et leur application en tant que systemes de libération de
médicaments. Enfin, il ouvre de nouvelles perspectives pour d’autres chercheurs
travaillant dans le domaine de la nanomédecine, afin d’exploiter ces systemes pour
améliorer I'administration de médicaments.

Résumé en anglais
Emulsfication Techniques & Emulsion Systems, Nano Particles

The main point of focus of this research thesis is to analyse the particulate drug
delivery systems specially emulsions from different angles. In this regard, the present
thesis comprehensively covers three main aspects of these drug delivery systems.
First, it gives a detailed overview of different emulsification techniques such as
microfluidization, ultrasonication & transitional methods & provides a comparison and
relative advantages of these techniques over another. Secondly, thesis also gives a
detailed view of different emulsion systems such as inverse & double emulsions at
both micro and nano scale and addresses solutions to some of the key problems
associated with these systems. Thirdly, the thesis also covers different
physicochemical characterization techniques for analysing these different systems,
their functionalization & application as drug delivery systems. In last, it opens future
avenues for other researchers working in field of nanomedicine, to exploit these
systems in improving drug delivery.
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