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Résumé

Les nanoémulsions sont des formulations intéressantes pour des applications telles que les cos-

métiques, les produits pharmaceutiques et les produits alimentaires. Elles peuvent être produites

par des techniques à basse ou haute énergie. Dans ce travail, un procédé impliquant une pres-

sion modérée, l’émulsification membranaire par prémix a été proposée comme alternative. Des

nanoémulsions huile-dans-eau (H/E) et eau-dans-huile (E/H) ont été produites avec une instal-

lation à l’échelle pilote composée d’un pousse-seringue à haute pression et d’une membrane Shi-

rasu Porous Glass (SPG). Tout d’abord, l’influence de nombreux paramètres du procédé et de la

composition sur la taille des gouttelettes et la pression résultante a été étudiée avec des composi-

tions modèles. Ainsi, des nanoémulsions H/E d’environ 260 nm et E/H d’environ 600 nm ont été

produites avec succès. Puis, le montage a été utilisé pour produire des nanoémulsions de com-

positions spécifiques, des nanoémulsions H/E et E/H stabilisées avec des tensioactifs polypep-

tidiques et une nanoémulsion H/E adaptée à l’injection. Enfin, le procédé développé a été com-

paré à deux procédés à haute énergie traditionnels, le microfludiseur et les ultrasons en termes

de taille des gouttelettes et de conservation d’actifs. Aucune différence entre les procédés n’a été

observée en ce qui concerne la préservation de l’acif choisi. Cependant, en ce qui concerne la

taille, les nanoémulsions produites par les membranes ont présenté des gouttelettes monodis-

perses de 335 nm par rapport aux autres procédés qui ont produit des nanoémulsions d’environ

150 nm de taille moyenne mais contenant aussi des gouttelettes de taille micrométrique détec-

tées par diffraction laser et microscopie optique et instables à 3 mois en vieillissement accéléré

pour le microfluidizer. Pour cette raison, les nanoémulsions produites par procédé membranaire

conviennent pour des applications parentérales avec l’avantage de ne nécessiter aucune étape de

filtration. De manière générale, le procédé développé présente par rapport aux autres procédés

existants les avantages d’un meilleur contrôle de la taille finale de l’émulsion, d’un procédé intus-

trialisable et stérilisable, et d’une diminution de l’énergie requise.



Abstract

Nanoemulsions are interesting carriers for applications such as cosmetics, pharmaceutical and

food. They are produced usually by low or high energy techniques. In this work, a process involv-

ing moderate pressure, premix membrane emulsification (PME) was proposed as an alternative.

Oil-in-water (O/W) and water-in-oil (W/O) nanoemulsions were produced with a pilot scale set-

up composed of a controlled high pressure syringe pump and Shirasu Porous Glass (SPG) mem-

brane. First, the influence of process and composition parameters on droplet sizes and pressures

was extensively studied with model compositions to optimize the production. Thus, nanoemul-

sions down to 260 nm for O/W and around 600 nm for W/O were successfully produced. Then, the

set-up was used to produce nanoemulsions of specific compositions: O/W and W/O nanoemul-

sions stabilized with polypeptidic surfactants and O/W nanoemulsions suitable for injection. Fi-

nally, the set-up developed was compared to two traditional high energy processes, microfludizer

and ultrasound in terms of droplet size and active preservation. No real difference between the

three processes was seen on active preservation with the model active chosen. However, regarding

droplet size, PME produced monodispersed droplets of 335 nm compared to the other processes

which produced nanoemulsions of around 150 nm but with the presence of micron size droplets

detected by laser diffraction and optical microscopy and unstable at 3 months under stress condi-

tions for microfludizer. Therefore, PME nanoemulsions are also suitable for parenterals applica-

tions with no additional filtration step required. In general, the process developed present several

advantages over existing process: a better control of the final droplet size, a lower amount of re-

quired energy together with high stability and scalability potential.
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General Preamble
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The manuscript is based on three publications, which form chapters 3, 4 and 6, and chapter 5 is
a summary of reports written for the PeptiCaps European project. Each publication is introduced
in the Thesis by a preamble but the contents of the publications are unchanged except for the
section, figure, table and equation numbers and the numbering of references (the numbering was
adapted to follow the manuscript format). For chapter 6, the article is followed by complementary
data.
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Introduction

Context

This work was part of the European H2020 project: PeptiCaps. The global aim of the project
was the design of emulsifiers to produce safe, controlled and reliable novel stimuli-responsive
nanocapsules for skin care applications. The aim of LAGEPP was to produce O/W and W/O na-
noemulsions with a membrane process with specific project compositions first at lab scale and
then at pilot scale. The interest of this process over conventional processes is its low energy con-
sumption, its mild conditions which can be better for sensitives actives, its selectivity and the
monodispersity of emulsions produced.

Membrane processes have been investigated for more than 20 years for emulsion production.
However, only very few studies reported production of O/W emulsions at large scale. It can be ex-
plained by the fact that in direct membrane emulsification (DME) the droplet generation flowrate
has to be very low in order to get monodispersed droplets. This characteristic can be an issue for
large scale production. However, with an other membrane process, premix membrane emulsifi-
cation (PME), the higher the flowrate is the smaller the droplets are. Thanks to these properties,
this process has been extensively studied over the past decades, however only a few studies re-
ported the production of nanoemulsions. The first study was published in 2012 and all other
results reporting the production of nanoemulsions with PME were published by one group who
studied mainly polymeric membranes and at small scale.

Moreover, regarding W/O only two groups reported the production of emulsions with PME. To
our knowledge, the production of W/O nanoemulsions with PME has never been reported.

Research questions

From these observations, we see that no set-up allows the production of O/W and W/O nanoemul-
sion production with membrane processes at pilot scale. Thus, some questions were raised:

• Is it possible to develop a membrane process at pilot scale to produce O/W and W/O nano-
emulsions?

• Which parameters have the main impact on final nanoemulsion droplet size and feasibility
of the process?

• Is it possible to produce nanoemulsions with specific compositions (viscous emulsions,
polypeptidic surfactants or suitable for injection)?

• What are the advantages and drawbacks of PME over a traditional industrial process, mi-
crofludizer, and a laboratory process, ultrasounds, for nanoemulsions production?

In this work, we tried to answer to these questions.

Organization of the work

First, a literature review was done and summarized in Chapter 1. The first part presents gen-
eral backgrounds on nanoemulsions and their production processes. The second part concerns
membrane processes for emulsification and the parameters of influence end forces involved.

In Chapter 2, the set-ups developed to answer the questions raised above are presented in details.
Analytical techniques used to characterize the premix emulsions, the different phases and the
nanoemulsions are also presented.

2



Introduction

In Chapter 3 and 4, we answered to the first and second questions by reporting results obtained
for nanoemulsion production with the high pressure syringe pump set-up. In Chapter 3, the O/W
nanoemulsions production with a model composition is described, and in Chapter 4, the produc-
tion of W/O nanoemulsions with a model composition. In these chapters, the effect of process
and composition parameters on the nanoemulsions production were investigated.

The production of O/W and W/O nanoemulsions with the specific PeptiCaps composition are
reported in Chapter 5.

Finally, in the last result chapter, Chapter 6, three processes Microfluidizer, ultrasounds and PME
are compared for the production of injectable nanoemulsions. The evaluation of the different
processes was analyzed mainly in terms of nanoemulsion characterization, active preservation
and stability. This last study allows to answer to the last question by understanding if the process
developed has significant advantages over conventional processes.

In Appendix A.1, results obtained during the set-up development are presented. Finally, in Ap-
pendix A.2 preliminary results obtained with the set-up for the preparation of micron scale emul-
sions are presented.
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CHAPTER 1. LITERATURE REVIEW

1.1 Nanoemulsions: Generalities and Processes

1.1.1 Definition and physico-chemistry of nanoemulsions

1.1.1.1 Definition

An emulsion is a system of two immiscible phases with one dispersed in the other. One phase
consists of droplets, the dispersed phase in suspension in an other phase, the continuous phase.
Emulsions are thermodynamically unstable but can show long term kinetic stability [1]. Emulsion
are present in nature for example in milk products and latexes. They are also of interest in many
industries as final products:

• Cosmetics industry : hand creams, conditioners, sunscreens. . . [2]

• Pharmaceutical industry: dermatology, nutrition and vaccines

• Food industry : salads sauces, desserts. . . [3]

• Paints : emulsions of alkyd resins, latex emulsions

• Agrochemicals: self-emulsifiable oils, emulsion concentrates

Emulsions are also involved in the first step of emulsion polymerization [4] for applications such
as production of synthetic rubbers, plastics and polymers in dispersion. Also emulsions have to be
removed in processes like petroleum extraction where water-in-oil (W/O) emulsions are created
and required to be demulsified [5] .
The term emulsion often describes systems with droplet diameter higher than 1 μm. Nanoemul-
sions are emulsions with a droplets diameter under 1 μm, 500 nm, 200 nm or 100 nm depending
of the definition used and the field of application. The terms mini-emulsions and sub-micron
emulsions can also be used for emulsions with droplets size between 200 nm and 1 μm. In this
work, all emulsions within the nano-range, below 1 μm, will be called nanoemulsions.
Emulsions are classified in different types, the main one is called oil-in-water emulsions (O/W)
(Figure 1.1) where the dispersed phase is the organic phase or oil phase and the continuous phase
is the aqueous phase. The other type is water-in-oil (W/O) emulsion where the dispersed phase
is the aqueous phase and the continuous phase the oil or organic phase.
Double emulsions are also commonly used, they can be water-in-oil-in-water (W/O/W) (Figure
1.1) or oil-in-water-in-oil (O/W/O), the first one having more applications than the second one
[6].
Different types of other specific emulsions exist such as concentrated emulsions, W/W emulsions
or O/O emulsions, when a polar oil is dispersed in a non-polar oil, these emulsions will not be
discussed in this work.

Figure 1.1: Different types of emulsions from left to right, W/O, O/W and W/O/W
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1.1.1.2 Physico-chemical principles

Nanoemulsions do not form by themselves, to produce stable nanoemulsions, energy and sur-
factant are required. Understanding the phenomenon at the interface and between droplets is
crucial to formulate emulsions for specific applications.

The oil/water interface Both phases, two non miscible liquids or gas and liquid, on each part
of the interface have uniform thermodynamics properties. In addition the interface has specific
properties. At the interface, water molecules can not satisfy all hydrogen bondings while Van der
Waals bondings are nearly satisfied. Creating emulsions increases the interface area, one force is
opposite to this creation, as the water loses hydrogen bondings in the process, and is called the
surface (liquid/gas) or interfacial (liquid/liquid) tension.
The interfacial tension γ, is the force necessary to break the surface between two immiscible liq-
uids. It is expressed by a force, Gibbs surface free energy, δG per surface unit, δA as it is the cohe-
sion force of the liquid molecules that are attracted inside the droplet. At constant temperature,
composition and volume [7]:

γ= δG

δA
(1.1)

γ is energy per unit area (mJ.m−2), which is dimensionally equivalent to force per unit length
(mN.m−1), the unit usually used to define surface or interfacial tension. Here γ is defined for a
plan surface, but is very similar for a curved interface.

Laplace pressure The interfacial energy induces an important excess in pressure inside the
droplets due to change in physical state inside the droplets compare to the droplet outside. This
pressure is called Laplace pressureΔP and is proportional to the interfacial tensionγ and inversely
proportional to the radius r of the droplets.

ΔP = 2γ

r
(1.2)

For nanoemulsions, r is very low, so the Laplace pressure becomes higher and creates more resis-
tance to the droplets disruption making more difficult to reduce their size. Moreover, as it will be
seen in the next section, the Laplace pressure causes Ostwald ripening so it has a large impact on
nanoemulsions stability [8].

Energy requirement for interface creation As emulsions require energy to be created, it is
interesting to calculate the energy required for their creation.
To produce 1 L of nanoemulsion at 20% in volume of oil, so a volume Vo = 200 ml with a mean
droplet diameter of dd = 200 nm, even with no surfactant, and a very non-polar oil, γ= 50 mN.m−1,
the area of the water/oil interface created during this process would be:

S = 6Vo

D
= 1500 m2 (1.3)

So, the energy required (E) is:

E = S×γ= 75 J (1.4)

This is a very low value compared to the energy involved in classical processes used for emulsifi-
cation, for example, a rotor-stator system dissipates a power of 22 kJ.s−1 [9] and a high-pressure
homogenizer at least 10 kJ.L−1 [8], 99 % of the energy being dissipated as heat.
One explanation for such an energy loss, is the viscous energy dissipation in the continuous phase.
Nanoemulsions can not be created by mechanical turbulences contrary to macroemulsions. The
mixing device agitates the continuous fluid that creates a shear stress and reduces the size of the
emulsion. It is not directly the contact between the droplet and the device that reduces the droplet
size. Thus, much energy loss occurs when the fluid circulates, leading to heat increase.
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The oil/water/solid interface Liquid/liquid and liquid/gas interfaces have similar behaviors
with both low bonding between molecules and no defined shape. Interface with a solid is differ-
ent because it has a definite shape. An emulsion in contact with a solid presents a triple point,
where solid (S), oil (O) and water (W) are in contact and a specific contact angle (θ) at this point
(Figure 1.2). A droplet on a surface spreads more or less according to the surface wettability. This
contact angle is a balance between adhesive and cohesive forces. If the contact angle is low, the
wetting is high or even perfect, that means that the solid-oil interaction are high and that the solid
is lipophillic (hydrophobic). If the contact angle is high, the wettability is low, the interaction
between the solid and the oil is weak and the surface is hydrophillic.

Figure 1.2: Oil/Water/Solid Interface and contact angle (θ)

1.1.1.3 Stabilization: Forces involved between nanoemulsions droplets

The more important forces to consider to form emulsions is the interfacial tension and physico-
chemical or mechanical forces required to overcome interfacial tension. Once the nanoemulsion
is produced and the droplets are in suspension in the continuous phase, other forces are impor-
tant to stabilize it and keep it at nanosize [10].

Forces applied on one droplet Oil droplets immersed in a water continuous phase undergo
gravity (FG), buoyancy force (FB) and drag force (FD)(Figure 1.3). Buoyancy and drag forces de-
pend on the density of the oil and the water phase but only gravity depends on the droplet weight
so on its volume. As droplets are very small, they cause a large reduction in the gravity force com-
pare to larger droplets.
Particles in a fluid move randomly due to the continuous phase molecules and micelles agitation,
this phenomenon is called Brownian motion (BM). Brownian motion is even greater for continu-
ous phase with low viscosity and with small particles. The emulsions with the smallest droplets
size move faster due to Brownian motion. For nanoemulsions, Brownian motion may be sufficient
for overcoming gravity.

Van der Waals attraction force Emulsions, like all other dispersed systems, undergo van der
Waals forces that are attraction forces between molecules considered as independent and creating
low energy bondings. These forces are highly dependent on the atomic structure of the molecules.
They can be of three types, Keesom, Debye, and London forces. London forces are more important
for emulsions because they are higher at low distance.
This force is always attractive for two molecules of same chemical nature. Van der Waals interac-
tion between two particles is only within a few nanometers but can be a force of destabilization.
To counterbalance this attractive force, repulsion forces have to be taken into consideration to
produce stable nanoemulsions.
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Figure 1.3: Forces on an oil droplet dispersed in water

Electrostatic repulsion The effect of attractive van der Waals forces and repulsive electro-
static forces has been studied in the DLVO (Derjaguin, Landau, Verwey, Overbeek) theory [11].
It explains and describes the forces that undergoes a charged particle dispersed in an aqueous
medium. The particles are considered with their surrounding media and the charges in this
medium that depend on the electrolyte in presence and temperature (Figure 1.4). The combina-
tion of the charged surface, the counter ions or Stern layer and the diffusive layer is called electri-
cal double layer of the particle. The DLVO theory suggests that when two double layers of different
charged particles overlap, a repulsive force is induced, that can stabilize the emulsions.
For emulsion formulation, charged surfactants or polymers are used to improve the electrostatic
repulsion effect. Usually the particle charge is measured at the level of the slipping plane, where
two double layers overlap, to evaluate the effectiveness of the surface charge. This value is called,
ζ, the zeta potential. The DLVO theory indicates that there is a minimum charge to have repulsion
between particles or droplets, it is usually considered that the zeta potential has to be higher than
30 mV either with a negative or positive charge to counterbalance the effect of van der Waals forces
and to have stable nanoemulsions.

Figure 1.4: Electrical double layer of a charged emulsion

Steric repulsion A second repulsive effect can occur with the use of a non-ionic surfactant or
a copolymer that has large chains in the continuous phase (Figure 1.5). The hydrophilic chains,
the most used being polyethylenoxide (PEG) chains, show unfavorable mixing when they are in
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a good solvent, which is the case of water, overlap is not favorable and the droplets repulse each
other.

Figure 1.5: Droplet stabilization by steric hindrance

1.1.1.4 Emulsion destabilization

The various destabilization mechanisms are illustrated in Figure 1.6. They are not simple phe-
nomena, so a study of all the forces and parameters involved is required. Moreover, more than one
phenomenon can occur simultaneously, increasing the difficulty of analysis. In addition, predic-
tion of the breakdown of the emulsion usually takes into consideration a single droplet diameter
or mass for the emulsion, assuming that the droplet size distribution is highly monodispersed. In
reality, droplet distribution of emulsions are not monodispersed and the polydispersity increases
the destabilization.
Understanding the phenomenon involved can help to prevent destabilization but they are diffi-
cult to predict exactly.

Creaming and sedimentation Creaming and sedimentation are both results of the same phe-
nomenon gravity. If the density of the dispersed phase is greater than the density of the contin-
uous phase, the droplet falls (sedimentation); in the opposite case, the droplet rises (creaming).
This induces an heterogeneity in the emulsion if the emulsion is not agitated. The velocity of sed-
imentation or creaming ω, of a droplet of radius r and mass m immersed in a continuous phase of
viscosity η is mainly a competition between gravity and drag forces due to the continuous phase
viscosity :

ω= mg

6πηr
= 2Δρg r 2

9η
(1.5)

with Δρ the difference in volumetric weight between the dispersed and the continuous phase
and g the gravity acceleration. To limit these phenomena it is possible to modify the density dif-
ference but the scope of action is limited, or to increase the viscosity of the continuous phase
by adding a viscosifier or to decrease the droplet size of the emulsion which can have a strong
impact. Moreover, as the Brownian motion is more important for small droplet size and lim-
its creaming/sedimentation by a random movement, nanoemulsions are much more stable to
creaming and sedimentation than classical emulsions.
Creaming and sedimentation are reversible by shaking. However, as the concentration of the dis-
persed phase increases locally droplets are more likely to affect with each other and to undergo
coalescence.

Floculation When the particles aggregate without change in the droplet size because van der
Waals forces overcome the repulsion forces, it is called flocculation. Floculation can be reversible
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Figure 1.6: O/W emulsions destabilization processes

by shaking in case of "weak" floculation due to van der Waals forces or difficult to redisperse, in
case of "strong" flocculation.

Phase inversion This process is an exchange between the continuous and the dispersed phases.
For example, an O/W emulsion can become a W/O emulsion. It can happen with time or with a
change of conditions such as temperature, but is very rarely observed during storage and may be
a wanted consequence due to a change in temperature or composition.

Coalescence Coalescence refers to a phenomenon of thinning and finally disruption of the
film between two droplets. Contrary to the phenomena presented above, coalescence is non-
reversible, the droplets are disrupted and can not go back to their original size. Eventually, the
two phases are separated completely one above the other.
The driving force of this phenomenon is still under discussion and the scientific community does
not agree on one major driving force, but the general scenario is admitted. First, as the distance
between droplets narrows the film becomes more and more thinner due to a suction effect. The
film between the two droplets finally breaks down.
The first step of coalescence is collision that can be induced by creaming, sedimentation, floccu-
lation or a consequence of Brownian motion. The tendency of the film to break down or not is
governed by different properties such as elasticity of the film, double layer repulsion, Marangoni
forces, etc. . .

Ostwald ripening The destabilization paths presented above, creaming and coalescence, are
minimized with smaller droplet size such as nanoemulsions. Ostwald ripening becomes the ma-
jor phenomenon for nanosize emulsions [12]. It it also the less understood of all phenomena of
emulsion destabilization. It depends on Laplace pressure (part 1.1.1.2), that depends on droplet
size and interfacial tension. For smaller droplets, the pressure is higher than for larger ones. This
induces a higher chemical potential in smaller droplets and so a mass transfer from the small
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droplets to the larger ones through the continuous phase in order to establish a thermodynamic
equilibrium [13].
Small droplets vanish while the larger ones grow and change in an irreversible way the droplet size
distribution of the emulsion. As the Laplace pressure is higher for smaller droplet size emulsions,
this phenomenon is more likely to happen in nanoemulsions.

1.1.2 Emulsifiers

1.1.2.1 Molecular characterization and principles

Characterization and behavior in water As mentioned in the previous part, in order to
produce and stabilize emulsions, emulsifiers are used. Emulsifiers molecules are present at the
oil/water interface and reduce the interfacial tension. In order to do that, emulsifier molecules
present two chemically different parts, one is oil soluble and the other is water soluble. They are
amphiphillic molecules (Figure 1.7) and usually composed of [14]:

• An hydrophillic head made of polar molecules, able to share H bonding with water molecules.
They are either cationic, anionic, zwitternionic (both charges) or uncharged.

• An hydrophobic tail, that has a strong affinity with the oil phase mainly hydrocarbonated
chains (aliphatic or aromatic compounds).

This is schematic and other configurations are possible, for example the emulsifier molecule can
have several hydrophillic and hydrophobic parts instead of two distinct parts.

Figure 1.7: Schematic representation of an amphiphillic surfactant

In an aqueous medium, emulsifier molecules take a specific conformation that minimizes their
hydrophobic part interaction with water and maximizes the interaction between their hydrophilic
part and water, these systems are called micelles. They are very small aggregates of emulsifier
molecules with mean size between 1 and 100 nm that organize differently (cylinder, sphere . . . )
according to the concentration, pH, ionic strength, temperature and to the relative length of their
hydrophillic and hydrophobic parts.

CMC The emulsifier concentration has a great impact on the emulsion production and final
characteristics. In order to optimize emulsifier concentration it is useful to determine the critical
micellar concentration (CMC).
CMC characterizes the shift between free emulsifier molecules state to the apparition of the first
micelles. Above this concentration, all the emulsifier added to the system directly form micelles,
which explains the term CMC.
The easiest way to determine CMC is to measure the interfacial tension variation with emulsifier
concentration (Figure 1.8).
At low concentrations, the interfacial tension depends highly on the emulsifier concentration.
First, added emulsifier molecules adsorb at the interface or stay in the continuous phase as free
molecules. Then, the oil/water interface is saturated with emulsifier molecules but interfacial ten-
sion continues to decrease linearly with emulsifier addition, with added molecules as free emulsi-
fier. At the CMC, micelles start to form in the continuous phase with the additional emulsifier and
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interfacial tension stays constant. For one single phase, CMC is determined from surface tension
measurement. It can also be defined for an emulsion and is determined from interfacial tension
measurement.

Figure 1.8: Evolution of the interfacial tension with emulsifier concentration and oil, water and
emulsifier interactions

HLB Griffin has introduced the Hydrophillic Lipophillic Balance (HLB) method, 60 years ago, as
a rational and simple way of formulating emulsions [15]. The aim of this method is to determine
the optimal emulsifier blend theoretically in order to avoid empirical formulations. The HLB scale
is based on the relative percentage in molecular mass of hydrophilic to lipophilic (hydrophobic)
groups of the emulsifier molecule.
In the original formula for non-ionic emulsifiers, this relative percentage was divided by 5 so takes
a value from 0 to 20 for all molecules but from 3 to 18 for emulsifiers having an interface activity
(Table 1.1). An other scale has been proposed by Davies three years later, taking into account the
effect of stronger and weaker hydrophilic groups, that was more adapted for ionic surfactants and
is between 0 and 40 [16].
The HLB value of an emulsifier blend is obtained by addition of the HLB of each emulsifier re-
garding their weight content in the blend.
Similar to the HLB definition for emulsifiers, the critical or required HLB (RHLB) has been defined
for the oil phase. Each oil has its own polarity and does not require the same HLB. The RHLB is
the HLB value of the surfactant or surfactant blend required to obtain the more stable emulsion
with this oil. An oil has two RHLB values one for W/O emulsions between 3 and 6 and one for O/W
emulsions between 8-18.
Usually RHLB values are measured by preparing emulsions at each different HLB and choosing
the more stable one. This method is not very precise and the standard deviation for an RHLB
value is usually more than 1. However it can be of great help for formulators.

1.1.2.2 Classical types of emulsifiers

Surfactants Surfactants (Figure 1.9 b) are classified according to their charge:

13



CHAPTER 1. LITERATURE REVIEW

Table 1.1: HLB ranges and applications

Figure 1.9: Different types of molecules showing a surface activity and stabilizing emulsions

• Anionic surfactants: have a negative charge on the hydrophillic head. It is the oldest kind of
surfactant synthesised in soap production. They usually have very high HLB values so are
good detergents.

• Cationic surfactants: present a positive charge, they are good emulsifiers and are used in
applications such as conditionners or fabric softners after the use of anionic surfactants to
neutralize the charge.

• Zwitterionic surfactants: present two charges on their hydrophillic head, one positive and
one negative. They are known to be mild detergents with good emulsifying properties but
without irritation issues.

• Non-ionic surfactants: present no charge and are like zwitterionic surfactants mild deter-
gents.

Charged surfactants are usually very effective and as seen previously, their charges create an elec-
trical double layer which prevents droplets coalescence by electrostatic repulsion.

Polymeric emulsifiers Polymers used as emulsifiers are copolymers of two or more blocks
with at least one being hydrophillic and at least one being hydrophobic (Figure 1.9 a) [17]. The
most used polymeric emulsifiers are three block polymers of PEG-PPO-PEG (PPO: polypropyle-
neoxyde). PEG is hydrophillic and PPO hydrophobic. By tuning the chain length and ratio of
PEG/PPO, a wide range of O/W and W/O emulsifiers with different HLB are achievable.
As seen previously concerning the stability, polymers create steric hindrance between droplets
stabilizing the emulsion. For O/W emulsions, the hydrophillic chain has to be long enough in
order to create steric repulsion in the aqueous continuous phase. For W/O emulsions, on the
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contrary, it is the hydrophobic part of the polymer that creates the repulsion in the continuous
phase.

However, if the chain is too long, polymers can create bridges between droplets in concentrated
emulsions that are very difficult to redisperse. An optimum chain length has to be determined to
avoid such phenomenon.

Both charged surfactants and long hydrophilic chains can be used to optimize long term stability
thanks to both electrostatic and steric repulsion.

Proteins as emulsifiers Proteins are amphiphillic molecules containting both hydrophillic
and hydrophobic amino acids. Proteins are natural surfactants found in nature such as milk ca-
seins. In water, α, β and κ caseins form micelles and stabilize fatty globules. Thanks to their
biocompatibillity, they are often used in food industry [18]. Proteins have interesting proper-
ties because they are zwitterionic, present an isoelectric point and can change their hydropho-
bic/hydrophillic character by changing pH. This explains the phenomenon of coagulation when
milk is acidified.

However, proteins because of their very complex composition and amino-acids sequences do not
usually present long enough hydrophobic tails to be good emulsifiers. They are often associated
with phospholipids that are the most common natural surfactants . Phospholipids consist of two
hydrophobic protein long "tails" and one hydrophillic "head" with a phosphate group and are
the major component of bi-layer cell membranes. They are also used to form vectors for topical,
oral or parenteral administration, called liposomes. Liposomes can improve drug bio-availability,
reduced toxicity and increased permeability across membranes [19].

Solid particles Pickering discovered that solid particles can also stabilize emulsions [20](Figure
1.9). The ability of a droplet to be stabilized depends on the wetting properties of the two liquids,
oil and water on the particles surface, so on it hydrophobicity.

1.1.2.3 Polypeptidic surfactants

Polypeptides are proteins with only few small amino acid units, between 10 and 100. Naturally,
polypeptides are used for proteins synthesis but can also be produced and used for their unique
properties, secondary structure and better bio-compatibility compared to polymers. Synthesized
polypeptides are usually analogue to polymers with the monomer units being amino-acids in-
stead of other molecules.

To be good emulsifiers, copolypeptides are usually composed of at least two blocks, one hydrophillic
and one hydrophobic. The advantages over natural proteins is that amino acids can be chosen ac-
cording to their hydropillicity and so create long hydrophobic or hydrophillic chains that are good
stabilizers.

Synthesis Copolypeptides can be synthetized by ring opening polymerisation (ROP) starting
with NCA (alpha-amino acide N-carboxyanhydrides) material [21]. NCA has the advantages to
present an activated CO group and a protected amine group. Primary amines usually generate an
"amine mechanism" and for secondary and tertiary amines two mechanisms coexist. Figure 1.10
shows the schematic representation of the synthesis of an amphiphillic copolypeptide. Block 1 is
composed of m units of peptide with R1 an hydrophillic side chain for example, glutamic acid or
lysine. Block 2 is composed of n units of peptide with R2 an hydrophobic side chain, for example
valine or leucine.

Copolypeptides can only be composed of peptides as shown on Figure 1.10 however one of the
polymeric chains can also be a polymer such as PEG for the hydrophillic part. Copolypeptides
can also have more than two blocks.

15



CHAPTER 1. LITERATURE REVIEW

Figure 1.10: Schematic representation of the synthesis of an amphiphillic copolypeptide

Self-assembling in water In order to reduce the interaction between the hydrophobic part
of the peptide and water, between blocks and between copolymers, amphiphillic polymers tend
to organize themselves in micelles like structure in water. As CMC exists for surfactant micelles
it exists for polymeric micelles. CMC depends on temperature, pH, nature of blocks and chain
length.
Moreover, as phospholipids can form liposomes, some types of copolymers, with an appropriate
chain lenght form vesicles called polymersomes [22]. Polymersomes have the advantage over
liposomes to be 10 times less permeable to water.

Interaction with surrounding medium Copolypeptides are composed of amino-acids which
make them very sensitive to their surrounding medium, especially temperature, pH and presence
of enzymes. For example, polyglutamic acid (PGA) [23] is protonated in an acidic environment.
This molecule takes an helical α rod conformation and is less soluble in water. By tuning pH, the
polymer is either hydrophobic or hydrophillic which can be an interesting property for emulsi-
fiers.

Application at the oil/water interface The design of amphiphilic copolymers showed the
capacity of copolypeptide diblocks to stabilize silicon oil nanoemulsions [24]. In this case, the hy-
drophilicity is provided by poly (L-lysine.HBr) which is highly charged at neutral pH and provides
a high solubility in water. It also presents many amine groups that are easily functionalizable. Poly
(L-leucine) is hydrophobic and has an α helix conformation which confers very large interchain
associations and poor solubility in organic solvents. As a result, the block copolymer associates
strongly in water and forms vesicles due to the aggregation of the hydrophobic groups.

1.1.3 Processes for nanoemulsions production

As seen previously, the production of nanoemulsions requires much energy. It can be provided
to the system by two ways, energy of physico-chemical origins or mechanical energy. These pro-
cesses are called respectively low and high energy methods. Low energy processes are based on
physico-chemical properties of the ingredients in the formulation, only a low amount of mechan-
ical energy is required. High energy processes are based on mechanical energy creating a shear
rate that reduces the droplet size of the emulsion.

1.1.3.1 Physico-chemical processes

A method of producing nanoemulsions is to use physico-chemical properties of a surfactant or a
co-surfactant/solvent to create a chemical energy that exceeds the interfacial tension, leading to
the creation of nanodroplets. In this category, there exists mainly three processes [25]:

• Phase Inversion Temperature (PIT)

• Phase Inversion Composition (PIC)

• Nanoprecipitation
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An other process presented in this section is based on physico-chemical properties to obtain mi-
croemulsion. They are often mistaken for nanoemulsions but they are fundamentally different as
they are thermodynamically stable systems.

Nanoemulsions by phase inversion methods These methods are based on chemical energy
from microemulsions phase transition during emulsification. This transition can happen with
two types of change: composition change, the method is called PIC or because of a change in
temperature, the method is called PIT (Figure 1.11).
The PIC method is based on a sudden change in composition at constant temperature, when
adding a great amount of water to a W/O emulsion or a great amount of oil to an O/W emulsion.
The PIT method is based on a change in temperature that induces a change in the HLB of the sur-
factant [26]. Only specific non-inonic surfactants that are sensitive to temperature change such as
polyoxyethylene-type surfactants can be used with this technique. The change of phase happens
at the HLB temperature of the surfactant where the HLB of the surfactant molecule changes from
low value to high value or inversely. This temperature depends on the surfactant.
The physico-chemical mechanisms involved are the same for both PIC and PIT. The inversion
phase occurs when the mean spontaneous curvature of the surfactant molecule is zero. At this
stage, the interfacial tension is very low and nanoemulsions are formed. The structures having
a surfactant film with an average zero curvature can be either bicontinuous microemulsions or
lamellar liquid cristalline phases.
The advantages of this technique are that no mechanical energy is required, which is better for
sensitive actives and energy consumption, and no additional components have to be added. How-
ever, only simple compositions can be used and with specific surfactants that are able to change
the film curvature.

Figure 1.11: Schematic representation of phase inversion methods

Nanoprecipitation Nanoprecipitation also called solvent displacement method or spontanous
emulsification is a technique based on the addition of a water miscible solvent to an organic phase
[27, 28]. The oil phase is dissolved in the water miscible solvent and then added to the water phase
(Figure 1.12). When in contact, the solvent displaces in water generating turbulences and forming
nanoemulsions.
This method is also called Ouzo effect from the observation that when water is added to this well
known Greek alcoholic beverage, nanoemulsions of anise essential oils are created. The essential
oil is solubilized in ethanol, once in contact with water the ethanol is displaced to the aqueous
phase and the oil becomes insoluble and forms nanodroplets. No surfactant is required to obtain
this type of nanoemulsions. However, for several applications surfactants are added in order to
achieve long term stability.
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The advantage of this technique is also very low mechanical energy consumption. One major
drawback is that a very low amount of oil nanodroplets can be produced and large volumes of
solvent and water are required. Moreover, an additional step is required to evaporate the solvent,
and residues of solvent can be an issue for some applications such as injection.

Figure 1.12: Schematic representation of nanoprecipitation set-up

Exception of microemulsions Microemulsions, like nanoemulsions are stable dispersions
of two immiscible liquids. However, contrary to nanoemulsions, microemulsions are thermody-
namically stable and formed spontaneously upon simple mixing. They are also homogenous and
transparent [29]. The size range of the microemulsions vary from 1 to 100 nm and usually between
10 to 50 nm. The dispersions can be O/W or W/O droplets or present an interconnected structure
(bicontinuous microemulsions).
They are composed of oil, water, surfactant and usually a co-surfactant. They are optained only
at certain specific conditions of composition called the "microemulsion domain" (Figure 1.13).
Before forming a microemulsion, the microemulsion domain has to be determined usually by
establishing a ternary phase diagram.
Nanoemulsions and microemulsions are fundamentally different and one should not mistake one
for an other.
Microemulsions are advantageously very small and very stable. However, this type of formulation
requires a large amount of surfactant and co-surfactant, and usually a low amount of dispersed
phase, they are also sensitive to environmental parameters such as temperature and pH.

1.1.3.2 Mechanical processes

An other way of producing nanoemulsions is to give the system a mechanical energy that over-
comes the interfacial tension. To form nanoemulsions, this energy has to be intense enough to
reduce the droplet size at a nano range. A high energy process is the result of two phenomena.
First, an intense mechanical force is given to the system that leads to deformation, rupture of
droplets and increase of the interfacial oil/water area. Then, the adsorption of the surfactant at
this new interface occurs. These two phenomena can occur simultaneously. Most of high-energy
processes for the production of nanoemulsions are homogenization processes. Is means that they
require a pre-emulsification process that will produce micron size droplets prior to homogeniza-
tion. Thus, four processes for production of emulsions with micron droplet size are presented
below [31]:
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Figure 1.13: Schematic microemulsion domain in a phase diagram from Malik et al. [30]

• Mechanical stirrer

• Static mixers

• Rotor stators

• Microfluidic

and then two processes for the preparation of nanoemulsions:

• High Pressure Homogenizers

• Ultrasounds

Mechanical stirrer Mechanical stirring is the easiest and more classical way of mixing two
fluids. Stirrers can be of different geometries and size and have to be chosen according to the
application, scale, targeted size of the emulsions and fluids viscosity. The blade geometry and
type (propeller, shaft, dispersion blades...) and the size of the tank have an impact on resulting
droplet size. The droplet size reached is typically between dozen to hundred of microns so it can
be used as a pre-emulsification process before nanoemulsion production.
The advantages of this process are that it requires low energy and it is very easy to perform. How-
ever it can only work in batches and create polydispersed emulsions with large droplets.

Static mixers Static mixers are continuous processes with the purpose of mixing fluids in a
continuous way [32]. They are called static because they are motionless. The device is fixed and
the fluid motion creates the shear stress leading to droplet size reduction.
In the plate type design, mixing is accomplished through intense turbulence and in the flow and
housed-elements design, flow can be either laminar or turbulent. The resulting droplet size of
the emulsions depends on the mixer geometry and dimensions, the velocity of the fluid and the
emulsion properties such as viscosity, interfacial tension... This type of device creates emulsions
with droplet size between 10 and 100 μm and can be used to create pre-emulsions prior to na-
noemulsions production.
The advantages are that they are cheap, they do not consume much energy, are resistant and work
continuously. However, nanosize is not achievable with this process.
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Rotor stator systems The rotor stator system is commonly used. It is composed of an im-
mobile part, the stator with orifices or slits and a rotor rotating at high speed (Figure 1.14). This
creates a vaccum and the emulsion is sucked into the head of the device, it is then expelled after
going through the rotor and stator orifices. The emulsion undergoes a high shear stress by going
through the gap between the stator and the rotor, this reduces the droplet size of the emulsion.
The parameters that influence droplet size and size distribution are for the process : the gap size
between the rotor and stator, the speed of the rotor and the processing time. Different head ge-
ometries exist that should be chosen depending on the composition, volume of the emulsion and
targeted droplet size [33]. Concerning the composition, the parameters of influence are : phase
viscosities, volumes ratio of both phases and interfacial tension.
The advantages of this process are that size reduction is more effective than with mechanical stir-
rer or static mixers and it can be used at industrial scale (batch or continuous). The mean droplet
size of the emulsion is often in a few micron range, a small part of the distribution can be of nano-
range size. However if the targeted emulsion is a nanoemulsion, the rotor stator process can be
the first step before homogenization.

Figure 1.14: Principle of rotor stator systems

Microfluidic Microfludics has emerged as a versatile tool for emulsification for less than 15
years. The definition of microfluidics is manipulating fluids with a dimension in the microme-
ter range. The principal characteristic is that laminar flows in micrometer capillaries are put in
contact in order to produce emulsions (Figure 1.15 )[34]. Three different types of geometry are
used in microfluidics in order to produce droplets [35]. Co-flowing, where both phases flow in
the same direction and detachment is obtained mainly by interfacial tension. Cross-flowing, for
example in a T-junction, where phases flow perpendicular to each other and a higher shear stress
is applied at the interface. The last geometry is flow focusing where the channel is narrowed to
help forming the emulsion. The geometry represented in Figure 1.15 is considered as a specific
case of a cross-flowing device.
Double or multiple emulsions can also be produced by this technique. Also spontaneous emulsi-
fication can be coupled with microfluidics for a very good control of the addition of the different
phases to obtain a better monodispersity.
The main advantage of microfluidic devices is that the emulsions produced have very homoge-
neous droplet size. The droplet size can be tailored with the capillaries size and flowrate. However,
the fact that emulsion is produced drop by drop makes this technique difficult to industrialize,
even if many chips are put in parallel, the overall flowrate of production is still low. Furthermore,
the droplets size depends on the capillary diameter. As nano-capillaries are not available, it is not
possible to produce nanoemulsions with this technique.

High pressure homogenizer (HPH) The more classical type of HPH is called T-junction (Fig-
ure 1.16). A pre-emulsion is pushed at high pressure (between 200 and 2500 bars) to an impact
ring perpendicular to the flow generating an emulsion with smaller droplets. The dispersion unit
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Figure 1.15: Schematic representation of a microfluidic device

is made up of a valve, valve seat and impact ring. The parameters that have an influence on the
final emulsion are pressure, number of passes and formulation [36, 37].
The three main phenomena that participate to size reduction in this process are:

• Shear rate: Velocity difference between velocity close to zero at the wall and maximum
velocity which is very high at the center creates an important shear rate

• Impact: The geometry is designed to create an impact zone, the emulsion is projected at
high speed on a wall perpendicular to the flow creating droplet disruption.

• Cavitation: At the outlet of the device, a sudden relaxation causes a cavitation phenomenon
causing the bursting of the droplets by the implosion of gas microbubbles.

The advantages of this process are that all kind of formulations can be reduced in droplet size,
even viscous or concentrated and no specific composition is required. The droplet size reached, if
the interfacial tension is low enough, is often around 200 nm or less. However, several passes are
required to obtain a monodispersed emulsion, the droplet size depends on the composition and
cannot be predicted. The energy consumption is also very high and there is a lot of energy loss in
heat which can be an issue for sensitive actives. Moreover some recoalescence can happen leading
to polydispersed droplet size distribution [38]. In a technical point of view, these apparatus often
present clogging issues.

Microfluidizer A microfluidizer is a type of HPH sold by MicrofluidicsTM. The main difference
compared to classical HPH is that the interaction chamber has a fixed geometry for the microflu-
idizer device [39]. In this process a very strongly compressed pre-emulsion is forced at very high
speed through a tube of small size (Figure 1.17). The pre-emulsion is filled in the inlet reservoir.
An intensifier pump compress the fluid up to 2000 bars creating a high velocity in the tube of the
interaction chamber. Then the emulsion is collected in the outlet reservoir.
The interaction chamber has a fixed geometry but can be changed according to the application. It
can be either a "Z" form as shown on Figure 1.15 or a "Y" form. Different dimensions are available
according to the application and droplet size targeted, small internal dimensions creating higher
shear stress. Compared to HPH, the same phenomena take place to reduce droplet size and the
advantages and drawbacks are the same.
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Figure 1.16: Schematic representation of a high pressure homogenizer

Figure 1.17: Schematic representation of a microfluidizer and principle of the interaction chamber

Ultrasounds Ultrasounds are waves with frequencies between 16 kHz and 1 MHz. Ultrasounds
are applied to two separate phases or to coarse emulsions in order to produce an emulsion or
reduce droplet size of the emulsion.
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Ultrasound waves are propagating into the liquid medium creating cavitation bubbles which un-
dergo dilatation and contraction. When the frenquency is high there is a lot of dilatation ending
with bubbles implosion disrupting the droplets close to them. The waves also create instabilities
at the oil-water interface. However the first phenomenon seems to be predominant in ultrasound
emulsification [31].
Emulsions produced with this method are very fine, around 100 nm droplets size depending on
the process duration, process power, temperature, phase viscosities, phase volume ratio and in-
terfacial tension. However, they are also often polydispersed and a lot of energy is required leading
to a lot of energy loss in heat [40]. Moreover only small batches can be produced with this tech-
nique which is not scalable for industrial applications.

Advantages and drawbacks of nanoemulsification processes Nanoemulsions processes,
their principle, advantages and drawbacks are summed up in Table 1.2.

Table 1.2: Summary of advantages and disadvantages of processes for nanoemulsions production

Process Principle Advantages Disadvantages References

HPH
Shear, impact
and cavitation

Flexible
on composition

Low process time

High cost
High energy

consumption
Not recommended

for sensitive
compounds

[37, 39, 41,
42]

Ultrasounds
Cavitation

mechanism
Flexible

on composition

Small batches
Not recommended
for thermosensitive

compounds

[41, 42]

PIC
Changing of the
interfacial film

curvature

Low cost
Easy to scale up

Low energy
consumption

Limitation on
composition

Long process time
[41, 42, 25]

PIT
Changing of the
interfacial film

curvature

Low cost
Easy to scale up

Low energy
consumption

Limitation on
composition

Heating
[41, 42, 25]

Nano-
precipitation

Solvent
displacement

Low cost
Easy to scale up

Low energy
consumption

Limitation on
composition

Limited amount
of oil phase
Presence of

solvent

[41, 42, 25]

The main advantage of low energy processes is their low energy consumption which means that
they are less expensive, smoother for the component and more sustainable. However, the for-
mulation is very specific and has to be optimized for each applications. Also the use of certain
solvent can be an issue if some residues are found in pharmaceutical or food products for exam-
ple. Moreover, the droplet size and size distribution are difficult to control and to predict, with no
tunnabillity.

The main advantage of high energy processes is that they can be adapted to nearly every com-
position. However, they use a high amount of energy, which can be a problem in term of energy
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consumption or for sensitive actives.

On Figure 1.18, the energy consumption (rough estimation) as a function of droplet size for high
energy processes is represented. We see first that every process works in a narrow droplet size
range. No process presented here can work for droplet size between nanometers and hundreds
of microns. More importantly no process allows a precise size control for a specific application,
except microfluidics but in very short range of droplet size and not at industrial scale.

Figure 1.18: Energy consumption with droplet size range for high energy processes

1.1.4 Some applications of nanoemulsions

Nanoemulsions have known increasing interest for more than 20 years (Figure 1.19) for different
applications, mainly in cosmetics and pharmaceutical industries.

1.1.4.1 Skin applications

Skin is the largest human organ with a surface close to 2 m2. It has several functions such as
protection from the external environment (UV radiation, dryness, physical, chemical and micro-
biological damages) and maintenance of body temperature.
It is mainly composed of two layers, the epidermis and the dermis (Figure 1.20). The epidermis
is composed of several lipids and divided into several layers and its outermost layer, the stratum
corneum, is responsible for the barrier function of the skin due to its lipophilicity. The dermis, on
the contrary is hydrophillic and is the layer next to the subcutaneous tissue.
It is also worth mentioning that physical changes occur through the skin layer. The two main
examples are temperature and pH. The temperature of the skin is at around 32 °C but increases
after passing the layers to reach body temperature in the dermis layer at around 37 °C.
Similarly, the pH of the skin varies from its surface into deeper layers. pH of healthy skin is slightly
acidic to fight against microbial contamination and is comprised between 4.5 < pH < 5.5. However,
the intercellular pH after passing the stratum corneum is around 6.2-6.5. Then, pH reaches its
physiological value (pH 7.4) in the deeper layer of the epidermis before reaching the dermis layer.
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Figure 1.19: Patents and publications containing the word or concept "nanoemulsion" from Sci-
finder

Figure 1.20: Schematic overview of the skin layers and pH and temperature variation adapted from
Jepps et al. [43]
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Cosmetics A cosmetic product is defined by the EU Cosmetics Regulation as:
A "cosmetic product" shall mean any substance or mixture intended to be placed in contact with the
various external parts of the human body (epidermis, hair system, nails, lips and external genital
organs) or with the teeth and the mucous membranes of the oral cavity with a view exclusively
or mainly to cleaning them, perfuming them, changing their appearance and/or correcting body
odours and/or protecting them or keeping them in good condition.

This means that cosmetics products for skin applications should have only an action on the upper
part of the skin, the epidermis and mainly the stratum corneum. The formulations in skin care
are mainly creams but than can be of other types also such as micellar solutions, oils, or gels.

Nanoemulsions, thanks to their droplet size, have several advantages for the cosmetic industry
[44] :

• A high stability

• Uniform deposition on the skin with large surface area

• Modified release and active carrier properties,

• Better occlusiveness with film formation on the skin

• Unique texture : pleasant aesthetic character and skin feel

• Nanoemulsions are also the first step of numerous encapsulation techniques in order to
create nanocolloids such as nanocapsules or nanospheres.

Moreover, some studies also report the advantages of nanoemulsions compared to liposomes as
they are more stable, enabling even the formation of a lamellar liquid-crystalline phase around
the droplets in some cases [28].
All types of actives can be encapsulated in O/W or W/O nanoemulsions or double nanoemulsions
for all skin conditions, sensitive, damaged, irritated, dried and sunscreens.

Dermatology Dermatological products, on the contrary are formulated to treat a specific dis-
ease. They can be active on the upper layer of the skin but also deeper in the skin layers as the first
layer is only composed of dead cells. An other topical route of administration is transdermal ap-
plication where the active ingredient is administered onto the skin but is absorbed into the body
to reach systemic distribution. In both cases, formulation may require nanosize droplets to reach
their targeted site of administration. Moreover, nanoemulsions with their amphiphilic character
can cross both hydrophilic and hydrophobic skin layers. Properties of interest are the same as
for cosmetics, but with an other additional characteristic that is enhanced penetration thanks to
large surface area and small droplet size [28].

1.1.4.2 Injection applications

Some drugs are characterized by low aqueous solubility or propensity to be hydrolysed and are
a real challenge during formulation. The use of an O/W emulsion can reduce or completely cir-
cumvent these risks. The drug is incorporated in the oily dispersed phase and is thus in a medium
where its chemical and therapeutic integrity are preserved. These systems present a better thera-
peutic profile than the drug alone in an aqueous medium. Another advantage of parental emul-
sions is the potential to create a prolonged release of the active ingredient.
However, strict requirements for droplet size and surface charge are to be considered when for-
mulating. The common feature of all injectable emulsions is the strict size of the droplets as it is
directly related to toxicity and stability. Emulsions containing droplets ranging in size from 0.5 to
1.0 μm are used more rapidly by the body than emulsions of size 3 - 5 μm. Droplets wider than 4
- 6 μm can increase the risk of embolism and can cause remarkable changes in blood pressure.
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Although the debate about particle size persists, the formulator must minimize the size of the
droplets and control the size distribution in the final forms to be administered. In general, the
smallest droplets (usually between 100 and 500 nm) are the most stable.

For parenteral nanoemulsions authorized additives are on a very short list and all oils, surfactants
or other additives have to be authorized by EMA (European Medicines Agency) or FDA (Food and
Drug Administration) to be used. Most of the authorized oils are vegetable oils (see Table 1.3)
or extracted from them such as long-chain triglycerides (LCT) and medium-chains triglycerides
(MCT) which are the only oils with long-term commercial acceptability in parenteral emulsions
and are found in several FDA approved products. MCT have usually better solubilizing capacities
than LCT.

Table 1.3: Examples of commonly used oils for parenteral emulsions and recommended concen-
trations from A.G. Floyd [45]

Parenteral emulsions also contain natural or synthetic surfactants. The most used natural emul-
sifier is lecithin. Natural lecithin is a phosphatide found in all living organisms and is either of
animal origin (egg yolk) or vegetable (soya) origin. The synthetic emulsifiers of choice for par-
enteral emulsions are poloxamers, a triblock of PEG-POP-PEG with a wide range of HLB according
to chain length and ratio.
Usually, the incorporation of osmotic agents, antioxidants, buffers and preservatives is necessary.
For this, the isotonic adjustment (280 - 300 mOsm Kg 1) is important for parenteral emulsions.
Glycerol or sorbitol are often used. Also, antimicrobial agents should be added to the aqueous
phase as it is sensitive to contamination. The pH is adjusted using a small amount of NaOH as
the optimum pH of a final emulsion is usually 6-7. Most of the classical buffers can not be used in
parenteral administration.
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1.1.5 Conclusion

Nanoemulsions are biphasic systems of nanometric size. One phase is dispersed into the other
forming nanometric droplets. These systems find a lot of applications in different fields mainly
because of the increased stability but also other characteristics that depend on the application.

In order to produce stable nanoemulsions which are thermodynamically unstable by nature, both
formulation and process have to be optimized. The aim of adjusting formulation is first to de-
crease the interfacial tension between oil and water. For this purpose, the addition of an emulsi-
fier to the system is required. This emulsifier can be either a surfactant (an amphiphillic molecule
with different charges), a copolymer with blocks of different hydrophillicity or particles.
Copolymers are gaining interest because even if they are less effective than some surfactants, they
are less irritant which is better for cosmetic or pharmaceutic applications. Also they can be com-
posed of synthetic peptides blocks in order to mimic protein natural surfactants and have a great
biocompatibillity.
In order to produce emulsions the most used devices are mechanical stirrer and rotor-stator sys-
tem. However, these techniques do not allow to obtain nanodroplets. To produce nanodroplets,
two types of processes can be used: low energy and high energy processes. All these processes
present advantages and drawbacks presented in table 1.2, among these processes, the most used
at industrial scale is HPH systems.
The HPH process drawbacks are that it is expensive, consumes a lot of energy (with a lot of heat
loss) and is not recommended for sensitive compounds. Moreover, the size range achievable with
this technique, even by modifying the pressure, is very narrow, a few hundred of nanometers and
depends on the composition. It is not possible to achieve a specific droplet size by modifying
process parameters.
An other type of process, called membrane emulsification, overcomes these drawbacks and re-
quire low energy consumption, low cost and allow droplet size control. However, it is difficult to
produce nanoemulsions with this process. Only some studies have succeeded in doing so and
only at small scale.
In the following section, the main principles and applications of membrane emulsification are
presented.
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1.2 Membrane emulsification

As presented in the previous part, emulsions are usually prepared using high-pressure homoge-
nizers, ultrasounds and rotor/stator systems. In the dispersing zone of these machines high shear
stresses are applied to deform and disrupt large droplets creating a temperature increase. There-
fore, temperature or shear-sensitive ingredients such as proteins or starches may lose functional
properties.
On the other hand, this kind of processes usually suffers from a lack of precision in droplet size
control and results in droplet polydispersity. The production of monodispersed emulsions has
been investigated by several new techniques such as microfluidic devices. Scaling up to industrial
volumes is a major limitation of these processes. Unlike these methods, membrane emulsification
has the potential for scaling up while producing droplets of well-defined size.
Membrane emulsification has received increasing attention over the last 30 years as an alternative
to other methods of emulsification. Different types of emulsification, membranes and set-ups
have been developed in order to produce several types of formulation, each of them having their
own advantages and drawbacks.

1.2.1 Type of emulsification

1.2.1.1 Membranes to generate emulsions

When membranes are used to generate emulsions, the technique is called direct membrane emul-
sification (DME). In DME, a dispersed phase is injected through membrane pores in a continuous
phase (Figure 1.21). Both phases are immiscible so droplets form at the interface of both liquids
and the membrane. Droplets grow at pore openings until they detach when having reached a
certain size. Emulsifier molecules in the continuous phase stabilize the newly formed interface
immediately after formation in order to prevent droplet coalescence. The resulting droplet size
is controlled primarily by the choice of the membrane which allows a precise size control. Usu-
ally a shear stress is applied on the membrane surface in order to facilitate the detachment of the
droplets.

Figure 1.21: Schematic figure of direct membrane process principle

This technique can be used to form O/W, W/O, bubbles, double emulsions or can be the first
step to form solid particles (Figure 1.22). It can also be coupled with spontaneous emulsifica-
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tion or microemulsification techniques, this process is called membrane micromixing. In mem-
brane micromixing, two phases one containing the oil and a water miscible solvent and water
are put in contact through the injection of the first phase through the membrane pores into the
second. When in contact, a solvent displacement occurs creating nanoemulsions, liposomes or
microemulsions. The membrane is then not aimed at emulsifying but at controlling the addition
of one phase into an other.

As the interface between the two liquids and the membrane is of great importance in DME the
affinity of the membrane with both phases should be considered according to the formulation
desired. O/W emulsions require hydrophillic membranes, so the oil having no affinity with the
membrane can be pushed out of the pores to create the emulsions. W/O emulsions require hy-
drophobic membranes for the same reason.

Advantages of DME is that the emulsion is generated at low shear stress and low pressure without
the requirement of an other process. The droplet size is controlled by the pore size and monodis-
persed droplets are created. Moreover, this process is easy to scale up by increasing membrane
surface. Drawbacks are that the flux through the pores is extremely low, especially in the case of
very small droplets and that membrane fouling can occur. Moreover, droplets size is 3-10 times
larger than the pore size depending on composition and shear stress, which can be an issue to
obtain very small droplets.

Figure 1.22: Different type of formulation that can be produced with DME

1.2.1.2 Membranes to modify emulsions

Membranes are also used to modify emulsions. In this process, a coarse emulsion is passed
through the membrane pores in order to reduce the droplets sizes, change the emulsion sense or
demulsify it (Figure 1.23). The most studied technique consists in reducing the size and homog-
enizing the emulsion and is called premix membrane emulsification (PME). In PME, a process to
create the premix emulsion is first required. This coarse emulsion is usually obtained by magnetic
stirrer or rotor stator systems but it can be prepared with any processes.
The chemical composition of the membrane has an important impact in this process. For PME, a
membrane with affinity for the continuous phase should be used, hydrophillic for O/W emulsions
and hydrophobic for W/O emulsions. If a membrane with affinity for the dispersed phase is used,
two phenomenon can occurred depending of the concentration and the procedure used, phase
inversion or demulsification.

Advantages of PME are the same as other membrane emulsification techniques: the emulsion is
generated at low shear stress, the droplet size is controlled by the pore size and monodispersed
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droplets are created and the process is easy to scale up by increasing the membrane surface. Addi-
tional advantages are that flux through the pores can be much higher than in DME and if the flux
is high enough no fouling occurs. Drawbacks are that an additional step of premix emulsification
is required and that a higher pressure than in DME is usually necessary depending of the pore size
and composition.

Figure 1.23: Different types of utilization of PME

1.2.2 Set-ups for membrane emulsification

1.2.2.1 Membrane types

A membrane is a selective barrier and the classical membrane uses are filtration processes (mi-
crofiltration, ultrafiltration, reverse osmosis...) requiring different types of membranes for each
application. Only the most commonly used membranes for emulsification are presented here.
Membranes used for emulsification should have certain properties: uniform pores, different pore
sizes available, high mechanical strength and depending on the application resistance to temper-
ature or organic solvent, possibility to modify the surface to change hydrophillicity or charge for
example.

Shirasu porous glass (SPG) membranes SPG membrane is the most used type of mem-
brane for emulsification. It is a glass composed mainly of Si O2 and Al2O2 which is obtained by
reaction of Shirasu (volcanic ash), boric acid and limestone. After several heat treatments, addi-
tives and acid leaching, the final membrane is produced. Final pore size depends, for the same
composition, on the heating time and temperature. A large range of mean pore size is achiev-
able by this process: from 40 nm to 40 μm. The main properties of the SPG membranes available
commercially are reported on Table 1.4. SPG membranes are available in tubes or flat discs. They
are resistant to pressure and chemicals. As can be seen on Figure 1.24, the pores are cylindrical,
tortuous and interconnected which is the specificity of SPG membranes.
SPG membranes are hydrophillic by nature, however they can be easily hydrophobized. Two main
types of hydrophobization process are usually used: a physical coating with silicone resin [47] or
a chemical reaction with organosilane [51].
A new type of asymmetric SPG membrane has been also investigated to increase flowrate through
the membrane [52]. The authors proved that it allows to increase the flowrate 20 time without any
change in droplet size distribution. However this membrane is more difficult to produce and not
available commercially.
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Table 1.4: Properties of commercial SPG membranes from Vladisavljević et al. [46] with data from
[47, 48, 49, 50]

Figure 1.24: SEM photography of a SPG membrane with 200 nm pore size

Advantages of SPG membranes are that a wide range of pore size is available as well as small
modules for laboratory scale, they have a high porosity and are cheap. Disadvantages are mainly
due to their tortuosity creating fouling and fragility but also decreasing the number of available
pores for emulsification making it difficult to characterize exactly.

Polymeric membranes Polymeric membranes are traditionally used for liposomes extrusion
or filtration at lab scale. Many different kinds of polymers can be chosen for this purpose depend-
ing of the chemical affinities between the membrane and the liquids: polycarbonate, polyether-
sulfone, polypropylene, nylon, polyester, cellulose acetate. . .
All these membranes have their own properties. Bunjes et al. [53] investigated seven different
polymeric membrane types by scanning electron microscopy (SEM), atomic force microscopy
(AFM), and mercury porosimetry. Each polymeric membrane presents a specific geometry (poros-
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ity, tortuosity, pore spacing...) as it can be seen on SEM and AFM images (Figure 1.25). For exam-
ple, the polyester membrane is a track-etched membrane with highly defined straight-through
pores and on the contrary nylon and cellulose acetate (CA) membranes are branched membranes.
Thickness is also very different from one polymeric membrane to an other varying from 10 to 180
μm.

It is hard to conclude on general advantages or disadvantages as this family of membranes is very
diverse. Nonetheless, one advantage is that they are usually cheap and a lot of different chemical
compositions are available for each application. The disadvantages are that they are quite fragile
and not all of them are very effective for membrane emulsification.

Figure 1.25: SEM and AFM photographies of seven different types of polymeric membranes [53]
PC: polycarbonate; PES: polyethersulfone; CA: cellulose acetate; PE: polyester; PS: polysulfone;
PVDF: polyvinylidene fluoride

Metallic membranes Metallic membranes are usually micro-engineered membranes with con-
trolled pore geometry and pore spacing (Figure 1.26). The aim is to avoid fouling and to achieve
high transmembrane flux by lowering membrane hydraulic resistance. At the same time, it lows
down drastically the pores surface area for the same membrane area which can lead to lower flow
rate than for SPG membranes [46]. Typical metallic membranes are made from nickel or stainless
steel.

Advantages are that pores with controlled size produce more monodispersed droplets, they are
resistant, there is less fouling as the pores are not tortuous. Disadvantages are that they are pro-
duced by technologies that are still expensive. The number of pores per membrane area is low so
lower flowrates for the same membrane surface are obtained. Only few pore sizes are available
and all in the micron range. Also chemical modification is not as easy as it is for SPG membranes.

Silicon nitride micro-engineered membranes An other type of micro-engineered mem-
brane is also used: silicon nitride micro-engineered membranes (Figure 1.27) [55]. They are usu-
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Figure 1.26: Optical microscopy photography of a 30 μm regular pore size micro-engineered
metallic membrane (Micropore Technologies Ltd)[54]

ally made with photolithographic techniques and treated with air plasma to obtain a hydrophilic
surface.

Figure 1.27: Optical microscopy photography of a silicon micro-engineered membrane with an
uniform 5 μm pore size and a porosity of 30% [55]

Their advantages and drawbacks are the same as the ones presented for micro-engineered metal-
lic membranes.

Ceramic membranes Tubular ceramic membranes are typically used for ultrafiltration and
microfiltration. They are composed of two layers; a thin filtration layer with a thickness of 20-30
μm and pore size from 0.1 to 10 μm for microfiltration and 2-50 nm for ultrafiltration, deposited
on a macroporous layer with a thickness of some hundreds of microns.
These traditional ceramic membranes are less used than SPG membranes for emulsification may
be because they produce more polydispersed emulsions in the same conditions as SPG mem-
branes [56].
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Their advantages and drawbacks are similar to SPG membranes, with the additional disadvantage
that the interface between the two layers create a fragility and makes membranes less resistant to
transmembrane pressure.

1.2.2.2 Membranes cleaning

Membrane cleaning is a key point in membrane processes as the membrane undergoes internal
or external fouling in almost every applications. Every groups have their own procedures regard-
ing membrane cleaning, depending on the membrane type and the molecules used in the pro-
cess. The main strategy is usually chemical cleaning with highly reactive compounds or physico-
chemical cleaning with surfactants. Regarding surfactant cleaning, Derquim + is considered as
the best cleaning agent for membrane emulsification [57, 58]. Moreover, increasing temperature
and number of cycles lead to better cleaning.

1.2.2.3 Set-up with tubular membrane

Microkits SPG Technology Co., Ltd. (Miyazaki, Japan) developed a special device to be used
at lab scale with small SPG membranes of 20 mm length with effective length of 10 mm (Figure
1.28). This module exists with external pressure as shown on Figure 1.28 with the dispersed phase
pushed from the tube outside to the inside, or internal pressure with the dispersed phase pushed
from the tube inside to outside. The external pressure type microkit is known to be more effec-
tive for droplet size reduction than the internal one. It is also more resistant to transmembrane
pressure.
The tank is filled with the to-be-dispersed phase of the emulsion or with a premix and pushed
by N2 flux. It allows to pass only a few milliliters through the membrane as the tank capacity is
typically 10 mL.
In DME, the device is immersed in the continuous phase within a beaker and the shear rate is
generated by a magnetic stirrer. In order to facilitate flow through the pores, the membrane should
be wetted by the continuous phase. In PME, the homogenized emulsion just fall by gravity into a
beaker.
To our knowledge, most of the premix emulsions with SPG membranes were produced with this
device [59, 60, 61, 62] except for the first study that used a cross-flow module which is presented
in the next section [63].

Advantages of this device are that small volumes can be prepared with less than 1 mL of dead
volume and both DME and PME can be performed without dilution. Disadvantages are that only
small volumes batches can be prepared and that the set-up only resists up to 8 bars.

Cross-flow The cross-flow set-up is based on the ones used for microfiltration. A typical mem-
brane emulsification set-up is shown in Figure 1.29. The system consists in a pressurized (N2)
vessel filled with the dispersed phase that is pushed through a tubular membrane. Inside the
membrane tube, the continuous phase circulates thanks to a pump. This configuration is a batch
mode with recirculation of the emulsion that is created and concentrates. The emulsion obtained
is kept under stirring in order to stay homogeneous. The flow of the dispersed phase is very low
and usually the continuous phase flowrate is high to generate shear stress.
As seen previously, this set up can be used for premix emulsification as well but has the disavan-
tage of premix dilution [63].

Advantages of this device are that large volumes can be produced and the set-up is very sim-
ple. Disadvantages are that the minimum continuous phase volume is usually several hundred of
milliliters and the process can not be proceeded in a continuous way unless a very small amount
of dispersed phase is required or a very long membrane is used.
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Figure 1.28: External pressure type microkit available at SPG Technology Co., Ltd, schematic view
from the supplier brochure

Figure 1.29: Typical experimental set-up for the cross-flow membrane emulsification process;
M:manometer [64]

1.2.2.4 Set-up with flat disc membrane

Dead-end Typically, flat disc membranes are assembled in a set-up with a dead-end configu-
ration as represented in Figure 1.30 [64]. This set-up is used for micro-engineered membranes
that are flat discs. The membrane is fixed in the device and the dispersed phase is pushed from
the bottom of the set-up to the glass container above the membrane containing the continuous
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phase. Inside the glass container, a mechanical stirrer generates the shear stress at the mem-
brane/continuous phase interface. This shear stress detaches the droplets as a result of both cen-
trifugal force and viscous shear force.

Advantages of this set-up are that it produces monodispersed droplets, small volumes can be pro-
duced at lab scale and no N2 is required. Disadvantages are than only small batches can be pro-
duced, the membrane surface is smaller than with tubular membranes, and the flowrate is low.

Figure 1.30: Dead-end stirred cell for membrane emulsification commercialised by Micropore
Technologies [65]

Extruder Bunjes et al. investigated polymeric and alumina flat disc membranes in an extruder
to create emulsions with PME (Figure 1.31) [59]. The membrane is hold inside a specific device
and with the help of two syringes the premix is pushed in and out until complete homogenization.
This type of extruders is typically used to reduce size of liposomes. Several cycles are usually
required. This technique is scalable to larger volumes with specific set-ups and a pump instead of
syringes, however it works only in batches and several cycles are required.

Advantages are that small droplets can be created with this type of device as membranes are re-
inforced in the membrane support by different discs. Disadvantages are that processing times
are long because cycle number can be typically 10 or 20. Moreover, a continuous process is not
possible.

1.2.2.5 Dynamic DME

In addition to static DME presented in the upper section, dynamic DME has also been developed.
The aim of this characteristic is to improve detachment of the droplets.

Rotational membranes A dynamic membrane can be a rotating membrane, the membrane
rotates on its axis in order to increase shear stress at the membrane continuous phase interface
[66, 67, 68]. This is typically done with tubular SPG membranes. The parameters of importance
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Figure 1.31: Schematic representation of an extruder device for liposomes homogenization or na-
noemulsion production [59]

are the membrane diameter because the centrifuge force increases with the diameter of the tubes
and the speed of rotation.

Vibrating or oscillating membrane Dynamic DME can also be performed by addition of
vibrations to the membrane. This membrane vibrates to help droplet detachment from the pore
openings. It can be done either on tubular or flat disc membranes. This idea was first investigated
for filtration [69] and then applied to emulsification [70]. A piezoactuator system is assembled
to the membrane in order to produce vibrations. It was found that smaller droplets could be
produced by introducing low frequency (0–100 Hz) membrane vibrations without widening their
droplet size distribution.

1.2.2.6 Industrial set-ups

Industrial set-ups of membrane emulsification are quite rare in literature. For example, Seebaly et
al. for liposomes (Figure 1.32) [71] and Vladisavljević et al. [62] for emulsions with PME claimed
production of large scales or high production rates.
Indeed, DME is not recommended for high flow rates because the transmembrane flux has to be
very low in order to obtain monodispersed emulsions. Seebaly et al. produced liposomes with a
micromixing technique, for which the flowrate has less influence than with DME. Vladisavljević et
al. succeeded in working at high flowrate with PME, which does not present the same dispersity
issues as DME.

1.2.2.7 Commercially available membranes

Typical commercially available membranes used for emulsification are presented in Table 1.5.

1.2.3 Forces involved and parameters of influence

1.2.3.1 Droplets generation in DME

In DME, droplets are generated at the oil/water/membrane interface. In this part, forces that are
generated during the process and dimensionless numbers to characterize the relative effect of
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Figure 1.32: Large scale set-up for liposomes production [71]

Table 1.5: Summary of types of commercial available membranes, adapted set-up and pore sizes
available

Type Geometry Set-up Pore size Material

SPG
Tubular:
20-500 mm
Flat disc

Cross-flow
Rotational
Dead-end
Vibrating

0.1-20 μm
Shirasu porous
glass

Ceramic
Tubular:
250-1178 mm

Cross-flow 0.002-10 μm Ceramic

Micropore Flat disc
Dead-end
Vibrating

5-20 μm Metal

Aquamarjin Flat disc
Dead-end
Vibrating

0.1-100 μm Silicon nitride

Polymeric
filter

Flat disc
Dead-end
Vibrating

0.1-100 μm
Different
polymers

these forces are presented.

Forces exercised during droplets generation In DME, the droplets formed at the mem-
brane surface, grow until a critical dimension and then are carried away with the continuous
phase, flowing parallel to the membrane surface for cross-flow or not for other set-ups. The fi-
nal droplet size of the emulsion is determined at the membrane, dispersed phase and continuous
phase interface. This droplet size is the result of different forces (Figure 1.33):

Negligible forces:

• FB, the buoyancy force due to the density difference between the dispersed and continuous
phases

• FG, the gravitational force
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Force due to transmembrane pressure:

• FSP, due to the static pressure difference between the dispersed and continuous phases

Fluid forces due to shear stress:

• FL, the dynamic lift force due to the asymmetric shear stress profile at the membrane sur-
face

• FD, Drag force, due to the continuous phase flow, parallel to the membrane surface

Interfacial forces:

• γWO, Interfacial tension between water and oil

• γMO, Wetting of the oil phase on the membrane

• γMW, Wetting of the water phase on the membrane

Figure 1.33: Forces exerted at membrane, oil and water interface for an O/W emulsion and an
hydrophillic membrane

The resulting force of all interfacial contributions is called interfacial force Fγ or capillary force
and is opposed to the static pressure difference.

Instabilities Instabilities are phenomena that lead to the breakup of liquid jets. However, in
classical DME, the transmembrane velocity is usually low enough not to create this kind of insta-
bilities. The different instabillites leading to droplet break-up are presented in the PME part, as
they are much more important in this configuration.
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Dimensionless numbers Dimensionless numbers are often used in fluid mechanics, the three
more useful in our case are presented in the following section.

Reynolds number Reynolds number (Re) compares inertial and viscous forces:

Re = ρuL

η
(1.6)

With u, the velocity of the flow, L a characteristic length (for a cylindrical pipe, the diameter of
the pipe), ρ the density of the fluid and η the dynamic viscosity of the fluid. Usually Re is used to
determine if a flow is laminar or turbulent. For a cylindrical pipe, flow is considered laminar for
Re < 2000 and turbulent for Re > 4000. In between, a transition regime occurs.

Weber number The ratio between inertial and capillary forces is illustrated by Weber number
(We)

We = ρu2L

γ
(1.7)

With u, the velocity of the flow, L a characteristic length (for a cylindrical pipe, the diameter of the
pipe), ρ the density of the fluid and γ the interfacial tension between the two fluids.

Capillary number Capillary number (Ca) compares viscous forces and capillary force.

Ca = ηu

γ
(1.8)

With u, the velocity of the flow, η the dynamic viscosity of the fluid and γ the interfacial tension
between the two fluids.

1.2.3.2 Parameters of influence in DME

Vladisavljević et al. differentiate two main categories of DME: shear-controlled emusification, for
circular rectilinear pores [72] or when interfacial tension is high and the shear stress is the main
source of droplet detachment, and interfacial- tension-driven DME in tortuous pores such as SPG
where droplets detachment is mainly a result of low interfacial tension. Some parameters do not
have the same influence if DME is shear-controlled or interfacial-tension-driven, when it is the
case, a difference is made.

Membrane

Wetting As seen previously, membrane wetting is essential for effective emulsification. To pre-
pare O/W emulsions, the membrane should by hydrophillic in order to avoid oil spreading onto
the membrane surface and creating large polydispered droplets. On the contrary, in order to pro-
duce W/O emulsions, membranes should be hydrophobic to avoid water spreading on the mem-
brane.
Hydrophillicity can also be modified with time due to adsorption of molecules on the mem-
brane. It can happen when cationic surfactants are used because SPG membranes are negatively
charged. Cetrimonium bromide (CTAB), for example can be adsorbed onto the surface which
becomes more hydrophobic. This adsorption leads to polydispersed emulsions [73].
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Pore size Pore size is the main parameter of influence regarding the final droplet size in mem-
brane emulsification. Variation of droplet size with pore size is different if DME is shear stress or
interfacial tension controlled [74].
For interfacial-tension-driven DME, droplet size varies linearly with pore size. For SPG mem-
branes and microengineered membranes, the ratio between final droplet size and pore size is no
less than 3, if the other parameters are optimized, transmembrane pressure and surfactant for
example [52, 75].
In shear-controlled droplet DME, the mean droplet size is determined by a balance between the
shear force exerted at the liquid–liquid interface by the continuous phase and the interfacial force
Fγ. Increasing shear stress at the membrane interface decreases droplet size and typical droplet
size to pore ratios are between 3 and 10 for SPG membranes and from 7 to 36 for silicon nitride
membranes [76] depending on the composition of the emulsion.

Activated pores Due to their process of fabrication, SPG membranes present a high tortuosity
(Figure 1.24 and Table 1.4). This high tortuosity implies that only a low proportion of pores are
actually activated and available for emulsification. The proportion of activated pores does not
change from one membrane to another, however it was found to vary with pressure, linearly [76]
or exponentially [77].

Pore spacing If pore spacing is not large enough it can lead to coalescence of the droplets
from adjacent pores before detachment. It is more eager to happen if the interfacial force is too
low, meaning high wetting of the dispersed phase onto the membrane or high interfacial tension
or at low shear stress.
However, in some cases, a push-off mechanism between droplets can occur leading to smaller
droplet size with thinner pore spaces.

Process

Transmembrane flux In DME, emulsification occurs only if the capillary pressure or emulsi-
fication pressure is reached.

PE = 4γWOcosθ

dp
(1.9)

with θ the contact angle between oil, water and membrane (Figure 1.33), γWO the interfacial ten-
sion between oil and water, and dp the pores diameter.
For shear-controlled DME: the detachment is not spontaneous and requires a certain time. This
time is constant so higher transmembrane flux produces larger droplets. At high fluxes, the push-
off force as a result of droplet–droplet interaction on the membrane surface, facilitates the droplet
detachment process, the droplet size becomes constant as the transmembrane flux increases [78].
For interfacial-tension-driven DME and low transmembrane pressure, droplets spontaneously
detach from the membrane and their sizes do not change significantly with the flux. However,
quite quickly, the regime changes from dripping to continuous outflow regime where droplets
become a continuous jet. In this regime, the shear stress detaches the droplets. At these condi-
tions, droplets are drastically larger at higher transmembrane flux and usually much more poly-
dispersed due to random detachment from the membrane.

Continuous phase flowrate As described previously, in shear-controlled detachment the flow
of continuous phase creates the shear and a higher shear lead to smaller droplets.
For interfacial-tension-driven DME, the flowrate of the continuous phase and shear have only a
low impact as detachment is a spontaneous phenomenon. When the transition from dripping
to outflow regime occurs, the continuous phase flowrate starts to have an impact. Droplets are
getting smaller at higher flowrate but in a less controlled manner, meaning higher polydispersity.
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Table 1.6: Effect of each parameter on droplet size in DME, IFT: interfacial tension

Parameter Effect on droplet size References
Membrane pores Proportional to pore size (factor 3-10) [52, 64, 75]

Membranes wet-
tability

Good conditions = Same wettability
as dispersed phase

[70, 75, 83]

Transmembrane
pressure

IFT driven : plateau until a critical value
then fast growing
Cross-flow controlled: increasing with pressure
then plateau phase

[74, 84, 85]

Continuous
phase flowrate

Cross-flow controlled: higher flowrate
given smaller droplets
IFT driven: no effect

[77, 82, 86]

Surfactant
Lower IFT : smaller droplets
Higher [surfactant] : smaller droplet
Faster adsorption at the interface: smaller droplets

[79, 80, 81]

Viscosity of
the continuous
phase

Cross-flow controlled:
Higher viscosity : smaller droplets
IFT driven:
Lower viscosity: larger droplets

[73, 82]

Formulation

Surfactants Two characteristics are of importance regarding surfactants: their ability to low
down the interfacial tension between oil and water and also their kinetics of adsorption to the
newly created interface.
Locally, interfacial tension depends on the nature of surfactant but also on its concentration. Low
interfacial tension is essential for an effective detachment of droplets but also to avoid coales-
cence and stabilize droplets.
The influence of surfactant adsorption kinetics on droplet stabilization has been investigated in
several studies [79, 80, 81]. The faster the surfactant adsorbs at the interface, the smaller the
droplets are. Fast adsorption allows faster detachment and avoid coalescence of newly created
droplets from two close-by pores.
However, surfactants must be chosen carefully. Cationic surfactants can adsorb on the SPG mem-
brane surface and change its hydrophillicity. Thus, oil spreads over the membrane and creates
large and polydispersed droplets. Zwitterionic surfactants can also generate this kind of problem
as they present a positive charge.

Viscosity of the continuous phase A few studies investigated the impact of phase viscosity
in DME. The shear stress exerted on the droplets depends on viscosity, higher viscosity leading to
higher shear stress. In shear-control emulsification, higher viscosity led to smaller droplets [82].
However, an other effect compete with this one, higher viscosity results in slower adsorption ki-
netics of the surfactant, and the droplets have more time to grow resulting in larger droplets [73].
Without shear stress, it was shown that an increase in dispersed phase viscosity leads to a decrease
in droplet size [73].

Sum-up of parameters of influence in DME Effect of each parameters on droplet size in
DME are presented in Table 1.6.
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1.2.3.3 Break-up mechanisms in PME

In PME, membranes are used as homogenizers, mechanisms are different than the ones in DME.
First, droplets break-up in PME occurs within the pores whereas in DME, break-up occurs at the
membrane, continuous phase and dispersed phase interface. Moreover, in DME, the model ge-
ometry is a T-junction whereas in PME it is more complicated as disruption occurs within the
pores of complex geometries (tortuosity, branching, dead-end... ). However, one major phe-
nomenon, wall shear stress and four other phenomena have been identified as break-up mecha-
nisms in PME [87].

Wall shear stress Droplet size reduction in PME is mainly due to wall shear stress. This shear
stress is function of velocity of the premix emulsion within the pores as well as pore geometry
(size, porosity and tortuosity). A formulation parameter, viscosity, has also an impact on shear
stress. Overall, the wall shear stress σw,p is given by [62] :

σw,p = 8ηe Jξ

εdp
(1.10)

With ηe the premix emulsion viscosity, J the transmembrane flux, ξ the pores tortuosity, ε the
porosity and dp the mean pore diameter.
At pressures below critical pressure, emulsions do not permeate through the membrane (Figure
1.34(a)). At moderate shear stress (Figure 1.34(b)), droplets are homogenized at the diameter of
the pores or slightly higher due to droplets deformation. At high shear stress (Figure 1.34(c), an oil
jet phenomenon occurs generating impact of the droplets on the pore walls and leading to droplet
size smaller than the pore size [62].

Localized shear forces Another shear stress is generated at the pores intersection due to lo-
calized shear forces [88, 89]. The difference in flux in the branches generates a shear stress that
helps reducing the droplet size of the emulsion. However this effect is complicated to measure or
predict. For example, Link et al. [89] studied a single T-junction showing that the critical capil-
lary number for breaking depended on the diameter of the channel, the length of the elongated
droplet within the channel, the viscosity ratio of both phases and the geometry of the channel.
In a membrane composed of several complex branched pores, Y-branching, T-junction or in be-
tween, the effect of localized shear force on droplet disruption becomes impossible to predict.
According to Van der Zwan et al. [88] this localized shear stress is more important at high flowrate
because at low flowrate no branched pores are activated.

Interfacial tension instabilities Two types of instabilities can occur due to interfacial ten-
sion according to flow conditions. Laplace instabilities occur when a droplet is elongated at low
flowrate, a difference in Laplace pressure is generated, creating dumbbell-shape and snap-off ef-
fects that disrupt the droplet. At high flowrate of the continuous phase, an other phenomenon
takes place inside the channel, Rayleigh instabilities. The droplets remain elongated within the
pores, which then may lead to break-up into polydispersed droplets [88].

Steric hindrance betwwen droplets Nearby droplets can also have an impact on each other.
If the interface is well stabilized, coalescence does not occur between droplets but steric hin-
drance can induce break-up. The more droplets accumulate within the pores the more likely steric
hindrance occurs.

1.2.3.4 Parameters of influence in PME

Membrane properties As seen previously, membrane properties have a great influence on
droplet disruption. Thus, porosity, tortuosity and pore size are determining properties regarding
final droplet size. Moreover, like in DME, hydrophillic properties of the membrane have great
influence on the PME process. As seen on Figure 1.23, the membrane should be hydrophillic if
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Figure 1.34: Droplet break-up in PME from [62] (a) Droplet retention under a critical pressure, (b)
Moderate break-up at moderate shear stress, (c) Intensive break-up at high shear stress

the continuous phase is water and hydrophobic if the continuous phase is oil. If the dispersed
phase has a high affinity with the membrane, demulsification occurs instead of PME.

Pore size Pore sizes have a direct influence on wall shear stress. Depending of the transmem-
brane pressure and pore size, the droplet to pore size ratio typically varies from 1 to 1.5 for SPG
membranes [90].

Pore geometry Higher tortuosity increases the shear stress as seen on Equation 1.10. More-
over, membranes like SPG membranes present a lot of branching which can create more shear
stress and more effective size reduction. On the contrary, in this type of geometry, a lot of pores
are not active, typically only 1% [91], leading to higher pressure requirement for the same surface
of membrane and same pore size.
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Transmembrane flux As the premix emulsion is a mixture of hydrophobic and hydrophillic
liquids, membrane pore walls have affinity with one of the two phases. Usually as mentioned
previously for effective PME, the affinity is stronger with the continuous phase, so a minimum
pressure is required to ensure that the premix emulsion goes through the membrane pores. More-
over, the minimum pressure for total premix emulsion to go through the pores is higher than in
DME where only capillary pressure is present (Equation 1.9). In order to avoid filtration, with wa-
ter permeating through the membrane pores as the chemical affinity is stronger, and oil fouling
the membrane, a higher pressure is required to disrupt the droplets and having an homogeneous
emulsion flowing through the pores.
Vladisavljević et al. [62] defined the transmembrane pressure (ΔPtm) in membrane emulsification
as the addition of two different pressures: the flow pressure required to overcome membrane
resistance to the flow due to its pore sizes and geometry ΔP f low and also the disruption pressure
required to overcome interfacial tension between oil and water in order to reduce the emulsion
size and go through the membrane pores (ΔPdi sr ):

ΔPtm =ΔP f low +ΔPdi sr (1.11)

ΔP f low = ηp RmJ (1.12)

ΔPdi sr = Cϕγow (
1

dd
− 1

dpm
) (1.13)

with ηp the viscosity of the emulsion within the pores, which is equal to premix viscosity if the fluid
is Newtonian, Rm the membrane hydraulic resistance, measured by pushing water at different
pressures and analyzing resulting flowrate or calculated [47] and with J the transmembrane flux.
For the disruption pressure, C is a constant, ϕ the volume fraction of dispersed phase, γow the
interfacial tension between oil and water phase, dd the final droplet diameter and dpm the premix
droplet diameter.
In PME, the optimal transmembrane pressure is in principle much higher than the minimum
pressure required, 10-50 times [62]. Higher transmembrane pressure leads to higher flux within
the membrane pores and thus higher shear stress and size reduction of the emulsion.

Number of cycles In HPH, several cycles are often required to reach targeted size or to reduce
dispersity. In PME, the necessity of several cycles depends on the membrane type used. For tor-
tuous and branched membranes like SPG membranes, shear stress is more important. Moreover
they are thick membranes which explains why 1 extrusion cycle is required through SPG mem-
branes [60, 90, 92], whereas polymeric membranes which are less tortuous and thinner, required
up to 21 extrusion cycles [60, 92] to get droplets of a diameter close to pore size and monodis-
persed.

Dispersed phase content and premix size distribution In PME, the final droplet size does
not depend of premix characteristics such as size distribution or oil content (if interfacial tension
is constant). This is not the case for typical emulsification processes such as HPH where the final
droplet size highly depends on dispersed phase content [93].
However, the transmembrane pressure depends highly on dispersed phase content due to in-
crease in droplets number to be reduced in size and viscosity [62] (Equation 1.12 and 1.13) which
can be a feasibility issue.

Viscosities As said in the previous paragraph, viscosity of the premix emulsion has a great im-
pact on transmembrane pressure and flux, the permeate flux being inversely proportional to vis-
cosity [62]. At the same time, the continuous phase viscosity increases the wall shear stress (Equa-
tion 1.9) leading to smaller droplets at higher viscosity [90].
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Surfactants During PME, new oil/water interfaces are created. Surfactants should be in excess
in the premix in order to stabilize the smaller droplets of the final emulsion. Moreover, like in
DME, their ability to low down the interfacial tension and their kinetics of adsorption is important.
Locally, interfacial tension depends on the nature of surfactant but also on its concentration. Low
interfacial tension is essential for an effective stabilization of droplets and to avoid coalescence.
Adsorption of the surfactant at the newly created interface, like in all other homogenization pro-
cesses, such as HPH, has to be fast enough. In HPH, repeated cycles are used to counterbalance
the fact that the new surface area cannot be covered fast enough by surfactants. In PME, the
processing time is longer allowing more time for coverage of the new interface by the surfactant.
However, this phenomenon is not negligible in PME.

Sum-up of parameters of influence in PME Effect of each parameters on droplet size in
PME are presented in Table 1.7.

Table 1.7: Effect of each factor on droplet size in PME

Parameter Effect on droplet size References

Pore size
SPG: Proportional to pore size (factor 1-1.5)
Others: less clear

[90]

Pore geometry Tortuosity and branching = improve size reduction [62, 88, 89]

Transmembrane
pressure

Higher pressure or flux
: More effective shear stress and size reduction

[62]

Number of cycle
SPG: Slight decrease after 1 cycle
Others: 10 or 20 cycle required for monodispersity

[60, 90, 92]

Dispersed phase
content

No important effect on size
At same pressure decrease of transmembrane flux

[62]

Viscosity
Increase in continuous phase viscosity= Size decrease
Increase in premix viscosity = Increase in
transmembrane presure

[62, 90]

Surfactant
Higher concentration = smaller droplets
Faster adsorption = smaller droplets

[87]

1.2.4 Applications of premix membrane emulsification

1.2.4.1 O/W emulsions

O/W, W/O and double emulsions presented here are emulsions finding a direct application in
fields such as cosmetics, food or pharmaceutical industry. Typically, these emulsions are simple
systems composed of an oil, emulsifier or emulsifier blend and a water phase. Applications of
PME as a step of an encapsulation technique are not presented in this part but rapidly in a follow-
ing part.
O/W emulsion is the most studied type of emulsions produced by PME (Table 1.8), starting in
1996 with Suzuki et al.[63] who produced corn oil emulsions with tubular SPG membrane. During
20 years, different formulations were tested for different applications with droplet size between
1 and 12 μm. Polymeric membranes have been more studied than SPG membranes in PME (Ta-
ble 1.8) contrary to DME. It can be explained as in PME, usually, several cycles are performed so
the narrow size distribution of pores is less critical, emulsions being disrupted eventually by the
smallest pore size [94].
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Table 1.8: O/W emulsions produced by PME, n is the number of cycle equal to 1 if not mentioned;
BSA: bovine serum albumin; PGPR: Polyglycerol polyricinoleate; PGPE: Propyleneglycol propy-
lether; SDS: Sodium dodecyl sulfate

Membrane Active, oil and surfactant Droplet size References

Tubular SPG
2.7 and 4.2 μm

Corn oil
PGPR/PGPE

5-10 μm [63]

Flat PTFE
1 μm

Corn oil
ML-750 /CR-500

2-5 μm [95]

Flat polycarbonate
0.33; 0.38; 0.47; 0.6; 1 μm

Kerosene
SDS

1-4 μm [96]

Flat PTFE
1 μm

No information
1-3 μm
n=3

[97]

Tubular SPG
1.1 μm

Modified insulin
Soybean oil
L-1695

1.1 μm
n=3

[98]

Tubular α-alumina
1.5 μm

Toluene
SDS

1.75-3 μm [99]

Tubular SPG
8 μm

Corn oil
SDS, Tween 20 or β-lactoglobulin

4-11 μm
n=7

[100]

Flat polymerics
0.8-1 μm

Sunflower oil
Tween 20 or BSA

1-12 μm [101]

Nitrocellulose mixed ester
13.2, 12.8, 11.6 and 10.6 μm

β-carotene
Sunflower oil
BSA or whey protein and Tween 20

2-12 μm [102]

Tubular SPG
10 μm

Sunflower oil
whey protein
and carboxymethyl cellulose

8.7-14.4 μm [103]

Nickel membrane
10 and 20 μm

AMD-10TM

N,N-dimethyldecanamide
and d-limonene
PEG fatty acid ester

6 μm
n=6

[104]

Sintered glass
ceramic spherical microbeads
10 to 100 μm

Rapeseed oil
Tween 20 and Tween 80

<10 μm [105]

1.2.4.2 W/O emulsions

To our knowledge, only two teams reported the production of W/O emulsions with PME [61, 60,
106] (Table 1.9). W/O emulsions being more viscous than O/W emulsions and viscosity increasing
transmembrane pressure, it is more difficult to produce W/O emulsions. Zhou et al. [61, 60, 106]
produced W/O emulsions of minimum 5 μm droplet size with low viscous oil between 2 and 10
mPa.s at 60°C . This temperature was chosen in order to lower the viscosity and succeed in produc-
ing W/O emulsion by PME. Liu et al. [106] performed PME with a premix of median size smaller
than the pore size with the only purpose to homogenize the sample. This can explain why the
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required pressure for W/O PME was achievable.

Table 1.9: W/O emulsions produced by PME

Membrane Active, oil and Surfactant Droplet size References

Tubular SPG modified
with silane
10.2 μm

Agarose
Liquid paraffin or petroleum ether
PO-500

5-7 μm [61]

Tubular SPG (modified)
Tubular Polyethylene
10.2; 11.8; 25.6 μm

Agarose
Liquid paraffin or petroleum ether
PO-500

5-100 μm [60]

Tubular SPG
2.8 μm

Newcastle disease virus (NDV)
Avian Influenza virus
or BSA
Mineral oil
Tween 80

2.3 μm [106]

1.2.4.3 Double emulsions

Double emulsions produced by PME are all W/O/W (Table 1.10). PME is used at the end of the
process to homogenize an already created W/O/W emulsion. The W/O primary emulsion is pro-
cessed with a rotor/stator homogenizer in order to achive small droplets of some microns. Then
either the W/O/W is formed again by the use a rotor/stator homogenizer [107, 108, 109] or by
gentle mixing with a stirring bar [62, 90].
The final W/O/W is obtained by homogenization by PME. The main problem in producing W/O/W
emulsions is to ensure that the inner and outer water phases do not mix during the rotor/stator or
PME process. Shima et al. [107] revealed that the outer-phase solution was included into the oil
phase during rotor/stator homogenization but that in certain conditions it could be externalized
during PME.

1.2.4.4 Nanoemulsions

The first article claiming the production of nanoemulsion by PME was published by Joseph et al. 6
years ago [59]. Since this first article, the same group published six articles relating the production
of O/W nanoemulsions (Table 1.11). Membranes used are flat polycarbonate [59], multiple flat
polymeric [53, 94, 110, 111], aluminium oxide [111] or SPG membranes [92].
In all these articles nanoemulsions of around 200 nm size were produced with the use of 200 nm
pore size membranes.
For all polymeric and metal oxide membranes, 21 cycles were required in order to reach monodis-
persity and nano-size whereas only one cycle was required for production of nanoemulsion with
SPG membranes.
In these studies, the authors reported the maximum production of 10 mL for SPG, polymeric and
metal oxide membranes and 20 mL with polycarbonate membranes.

1.2.4.5 Other applications of PME

PME can be used as an homogenization technique for many different types of formulation, ei-
ther as a final product, such as Solid Lipid Nanoparticles (SLN) or as a step in an encapsulation
technique.
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Table 1.10: W/O/W emulsions produced by PME

Membrane Active, oil and surfactant Droplet size References

Flat cellulose acetate
0.2, 0.45, 0.8 and 3.0 μm

Octanoic acid triacylglycerol
decaglycerol monolaurate
or hexaglyceryl ricinoleate

0.7-5μm [107]

Tubular SPG
10.7μm

Glucose
Soybean oil
PGPR and Tween 80

4.4-13.2 μm
n=1-5

[62]

Tubular SPG
5.4, 7.6, 10.7, 14.8, and 20.3 μm

CaNa2-EDTA + glucose
Soybean oil
PGPR and Tween 80

3-25 μm
n=1-5

[90]

Glass bead
71 μm

Beetroot juice
Sunflower oil
PGPR and Whey protein

10-34 μm
n=5

[108]

Glass bead
71 μm

Beetroot juice
Sunflower oil
PGPR and Whey protein

20 μm
n=5

[109]

Table 1.11: O/W nanoemulsions produced by PME

Membrane Active, oil and surfactant Size References

Flat polycarbonate membrane
50,100 and 200 nm

MCT or soybean oil
SDS or Poloxamer 88
or polyglyceryl-10-laurate
or sucrose laurate

100-200 nm
n=21

[59]

Tubular SPG
0.1, 0.2, 0.3, 0.5, 1.1 μm

MCT or soybean oil
SDS or Poloxamer 88
or polyglyceryl-10-laurate
or sucrose laurate

100-200 nm [92]

Multiple flat polymeric
200 nm

MCT
SDS

150-200 nm
n=21

[110]

Multiple flat polymeric
100 and 200 nm

MCT
Phospholipids or Tween 80
or sucrose laurate

<500 nm
n=21

[94]

Multiple flat polymeric
and aluminium oxide
200 nm

MCT
Poloxamer 88 or Tween 80
or sucrose laurate

150 nm
n=21

[111]

Multiple flat polymeric
200 nm

MCT or peanut oil
SDS or Poloxamer 88
Tween 80 or Tyloxapol
or sucrose laurate

> 500 nm
n=21

[53]
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Solid Lipid Nanoparticles SLN are systems where the dispersed oil phase is solid at ambient
temperature. For their production, the premix is heated above the melting temperature of the oil
phase, the emulsion is homogenized through a membrane and then cooled down [59].

This technique is used to improve stability of the dispersed system.

Emulsification as a step for encapsulation Emulsification can be the first step to an encap-
sulation technique. These techniques are divided mainly into two categories: solvent evaporation
technique and polymerization techniques.

In the first technique, a preformed polymer such as polylacticide [112] is dissolved in a volatile
water immiscible solvent (such as dichloromethane) without oil to create microspheres or with
oil to create microcapsules. The solvent/polymer solution is mixed with water, homogenized by
PME, finally the solvent is evaporated creating microspheres or microcapsules.

In the second technique, a polymerization or a cross-liking [113] is performed at the oil/ water
interface. It results in creating a polymeric shell at the interface and thus a microcapsule. The
capsule core can be either oil or water depending if the emulsion is O/W or W/O.

1.2.5 Conclusion

Membrane emulsification is a promising alternative to conventional emulsification processes. Its
main advantages are very good control of the droplet size and narrow droplet size distribution
but also low energy requirement and mild emulsification conditions. In DME, a dispersed phase
is pushed through the membrane pores and droplets formed are detached either by interfacial
tension or shear stress of the continuous phase flow. The main problem of this technique is that
in order to have an effective control of droplet size a very low transmembrane flux is required,
creating scalability issues.

An other membrane process, PME, can overcome this drawback. In PME, a coarse emulsion, the
premix, is pushed through the membrane pores in order to reduce droplets size. The droplets
size of the resulting emulsion is very well controlled by the membrane pore size and the size dis-
tribution is narrow. No excess energy is added to the system and the higher the flowrate is the
smaller the droplets are. All these advantages make PME a good candidate to perform pilot scale
production of emulsions.

The most common emulsification membranes are SPG membranes and microengineered mem-
branes. SPG membranes are more used for DME and polymeric membranes for PME. Membranes
can be either tubular or flat membranes. Regardless of the membrane type, membrane cleaning
is a key point and should be considered during every membrane emulsification processes.

Different set-ups exist according to the membrane shape, the scale of production and other pa-
rameters. Oscillation or rotation can be added to traditional set-ups for better droplet detach-
ment.

Parameters of influence and forces involved in DME and PME have been extensively studied dur-
ing these last 25 years. In DME, the main parameters for a good size control are pore size, trans-
membrane flux, shear stress and interfacial tension between dispersed and continuous phases.

In PME, droplet size is mainly dependent on pore size with SPG membranes where only one cycle
is required to have a precise size control and narrow size distribution. For polymeric membranes,
several cycles are usually required, from five to twenty one, to produce monodispersed droplet
size.

In the literature, PME is mainly used to homogenize O/W or double emulsion or as the first step for
an encapsulation technique, while only two groups reported the production of W/O emulsions.
Traditionally microemulsion are produced by PME but for 6 years a group reported the production
of nanoemulsions at small-scale with SPG, polymeric and metal oxide membranes. Their studies
focused on the production of nanoemulsions with polymeric membranes even if they showed that
SPG membranes, thanks to their unique pore geometry was much more efficient in droplet size
homogenization than other membranes.
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1.3 General conclusion and aim of the work

1.3.1 Literature review conclusion

Nanoemulsions are ultra fine dispersed systems of two immiscible liquids with a droplet size be-
low 1000 nm. They are kinetically stable systems but not thermodynamically stable, as they can be
destabilized by some phenomena such as coalescence or Ostwald ripening. However their small
droplet size confers a high stability.
Their droplet size confers them other interesting properties such as enhanced penetration, unique
drug delivery properties but also for cosmetic applications, good aesthetic character and skin feel.
They are also the first step of nanoencapsulation techniques to produce highly stable and func-
tionalized drug delivery systems.
In order to create and stabilize these nanoemulsions, emulsioners have to be chosen carefully, the
more classical ones are surfactants which can be anionic, cationic, zwitterionic or non ionic. An
other range of emulsioners is diblock polymers. A lot of blocks can be used however polypeptidic
blocks are interesting candidates for many applications due to their high biocompatibillity.
Nanoemulsions are more difficult to produce than macroemulsions. High energy has to be pro-
vided to the system in order to overcome interfacial tension. Nanoemulsions are produced by
two main types of processes, low and high energy processes. Low energy processes depend on
the physicochemical properties and therefore require the use of specific surfactants and/or co-
surfactants at high concentration and rely on the spontaneous formation of oil droplets. Tech-
niques such as phase inversion composition, phase inversion temperature, emulsification in the
micro-emulsification domain and nanoprecipitation are available.
High energy processes are the more common type of processes because they are suitable for a
larger range of formulations. Nanoemulsions are generated using mechanical devices with inten-
sive disruptive forces. They are generally formed by HPH at industrial scale or by sonication at
lab scale. These techniques can both generate nanoemulsions with very small droplet size, but
usually broad size distributions are obtained with sonication and several cycles are required with
HPH to obtain monodispersed droplets.

Other processes that require less energy have been developed for emulsion production such as
membrane emulsification. The advantages of membrane emulsification are low shear rate, a pre-
cise control of the droplets size and narrow particle size distribution.
The two main configurations are DME and PME. In DME, the dispersed phase is pushed through
the membrane pores into a stirring or cross-flowing continuous phase. One of the main drawback
is that for the preparation of nanomemulsions, DME leads to very low flowrates of the dispersed
phase and may not be suitable for scale-up.
In PME, a coarse emulsion called premix is pushed through the membrane pores, reducing the
droplet size and size distribution. The flowrate of the product emulsion is generally much higher
and higher droplet concentrations are obtained.
SPG, polymeric or microengineered membranes are the most commonly used membranes for
emulsification. Typically, SPG membranes are used in DME and polymeric in PME. Many mem-
brane set-ups exist depending on membrane shape, flat or tubular, membrane type and the pro-
duction scale required.
PME has been reported for a lot of different compositions for food or pharmaceutical applications,
mainly O/W and double emulsions and some for W/O. The droplet size was mostly higher than
1 μm, except one group who has reported for 6 years the production of O/W nanoemulsions at
small scale with a membrane process using mainly polymeric membranes.

1.3.2 Aim of the work

The starting point of this work is the requirement for the European Project PeptiCaps to produce
O/W and W/O nanoemulsions with a membrane contactor at pilot scale with the polypeptidic
surfactant developed in the frame of the project.
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Moreover, some major drawbacks are encountered with industrial processes for nanoemulsions
production such as high energy consumption, high polydispersity, and incompatibility with shear
and temperature sensitive actives.
Membrane emulsification is a promising alternative, however O/W and W/O nanoemulsions pro-
duction at large scale has never been reported before.
The first step was to develop a membrane process which would be able to produce model O/W
and W/O nanoemulsions at pilot scale and understanding the parameters of influence of both
composition and process on the nanoemulsion feasibility and droplet size.

First, the "proof of concept" set-up and the final set-up developed are presented in Material and
Methods, as well as characterization methods especially size measurement as it is an important
parameter in this study.

The first part of the result section is focused on the production of O/W nanoemulsions with the
set-up developed. We ensured that scalability was achievable in any conditions and investigated
process parameters, membrane pore size and length, flowrate and number of cycles. Regarding
composition the oil and surfactant contents were studied as well as long term stability.

In the second part, we reported the production of W/O nanoemulsion with the set-up developed.
We focused on understanding the effect of continuous phase and dispersed phase viscosities and
oil content on the feasibility of the process. We succeeded in producing highly viscous nanoemul-
sions with the set-up and in understanding deeper the pressure increase generated by a viscosity
increase.

Then, we reported the production of O/W and W/O nanoemulsions within the project frame. O/W
and W/O emulsions were successfully produced with the diblock polypeptide developed by our
partners in the European project and with the set-up developed in our laboratory.

The last part deals with the comparison of nanoemulsion production by several processes and ac-
tive preservation. For that, a comparative study was realized between microfluidizer, ultrasound
and PME for the production of injectable nanoemulsions of all-trans-retinoic acid.
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2.1 PME set-ups developed

2.1.1 Intermediate set-ups

First, a classical microkit set-up, as described in the litterature review, was investigated for na-
noemulsion production with a SPG membrane [92]. In this set-up, a SPG external pressure mi-
crokit module was used with a maximum working pressure of 8 bars. The pressure was set by
N2 pressurization. At 8 bars with the nanometric pore size membranes, only some microliters
of emulsion were able to go through the membrane. Moreover, these few microliters were very
diluted compared to the premix emulsion because at this pressure, filtration occurred.
An other set-up was developed to be able to increase the pressure safely in order to produce na-
noemulsions by PME. The idea was first to test the ability of the SPG membrane to resist to higher
pressures and to produce nanoemulsions . A "proof of concept" set-up was then developed (Fig-
ure 2.1).

Figure 2.1: Schematic representation of the proof of concept set-up

The pump is a P-391 hydraulic hand pump from Enerpac (Wisconsin, USA). Maximum working
pressure is 700 bars. This type of pump is traditionally used for elevation of heavy materials. The
commercialized pump is filled with oil. First, the oil had to be removed and the pump cleaned.
High pressure fittings (Swagelock, France) were connected at the outlet of the pump to the SPG
microkit module. Plastic tubes were connected from the pump to a beaker containing the premix.
A pressure gauge was added to read the working pressure at the inlet of the membrane module.
The pressure was increased by pumping the premix with the hand pump. At the beginning of
the experiment, the pressure did not increase as the pump and fittings were not filled with pre-
mix. Once they were filled the pressure increased suddenly. The flow was not constant and the
manipulator had to regulate the pumping to maintain a constant pressure.
Cleaning of the pump and membrane was made with several cycles of 1% Derquim + at room
temperature or 70°C until a clear solution was recovered at the membrane outlet.
This set-up allowed us to prove that the membrane was able to resist to pressure up to around 80
bars and that nanoemulsions down to 260 nm were produced at such pressure (results in Ap-
pendix A.1). Moreover, this step-up confirmed that at low pressure mainly water was flowing
through the membrane and a lot of resistance from the membrane is felt while pumping. But after
a certain pressure was reached, the total emulsion flow through the membrane and no resistance
to the flow was felt while pumping.
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However, pressure and flowrate could not be kept constant and this set-up was not scalable. An
other set-up was then developed in order to produce nanoemulsions with SPG membranes at
pilot scale and in a controllable way.

2.1.2 High pressure pump set-up

2.1.2.1 Experimental set-up

The experimental set-up used for the preparation of nanoemulsions by PME is shown in Figure
2.2.

Figure 2.2: Schematic representation of the experimental set-up

2.1.2.2 Membranes and membrane modules

Hydrophilic and hydrophobic SPG membranes were provided by SPG Technology Co. Ltd (Miyazaki,
Japan). These membranes are tubular with an inner diameter of 8.5 mm and thickness of 0.8 mm.
Mean pore size varied from 0.2 to 1.1 μm, the mean pore size data are given by the manufacturer.
The pore size distributions, given by the span, were in the range 0.4 - 0.6 [47]. The membrane
resistances were tested. The membranes were found to resist to transmembrane pressure up to a
minimum of 65 bars.
Two different membrane modules have been adapted to be connected to the set-up.
First, the external pressure microkit module was connected to the pump with high pressure fit-
tings (Swagelock, France). Sealing rings were placed at both ends of the membrane tube in order
to maintain the membrane inside the module and the pressure difference. The membrane length
was 20 mm with an effective length of 12 mm and effective membrane area of S = 3.20 cm2.
In order to increase the membrane area and to investigate scalability, a cross-flow tubular module
of 125 mm length was adapted to be used in PME and connected to the pump (Figure 2.3). Sealing
rings were placed at both ends of the membrane tube. Membranes used with this module were
125 mm length membranes with effective length of 115 mm and effective membrane area of S
= 30.70 cm2 which is about 10 times higher than the one of the 20 mm length membrane. The
premix was pushed from the external part of the tube to the internal part in a similar way as in
the external pressure microkit. The membrane module was connected to the pump with high
pressure fittings (Swagelock, France).
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Figure 2.3: Connection of the cross-flow tubular module to the high pressure syringe pump

2.1.2.3 High pressure syringe pump

The pump was a high pressure benchtop single cylinder pump BTSP 500-5 (Floxlab, Nanterre,
France) ( Figure 2.4).
The parts of the pump in contact with the fluid are made of high grade stainless steel, the O-rings
are made of fluorocarbon elastomer (FKM) and polyetrafluoroethylene (PTFE) for the backup
rings, which give the pump a high chemical compatibility.
The pump is equipped with a 500 mL cylinder with a motor driven piston. The brushless motor
is situated below the cylinder. The pump chamber is connected to two valves, a feeding valve
connected to a feeding tank (inlet) and a process valve, going to the system being pressurized
(outlet). These two valves are pneumatic valves and air supply is necessary for activation.
The pump is also equipped with a pressure sensor (±0.1 bar), the pressure being read on the con-
trol panel (Figure 2.5). On this panel, it can also be found the volume of fluid in the cylinder, given
by the piston position, dV a counter of the volume of fluid injected. The counter can be rest at any
time to zero.

2.1.2.4 Commands and acquisition

Commands can be made from the touch screen panel or from a computer connected to the pump.
The touch screen panel and computer panel are exactly the same.
The command of the high pressure syringe pump is made by choosing first the working mode.
There are four modes of operation (Figure 2.6):

• Constant Pressure

• Constant Flow

• Filling

• Emptying
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Figure 2.4: Photography of the high pressure syringe pump

Figure 2.5: Details of the control panel

Filling and emptying are automatic commands that are performed manually with the constant
flow mode, they are not presented here.
In the constant pressure mode, the working pressure, the pressure ramp, the maximum flowrate
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and the volume injected are inputs. The maximum pressure delivered by the pump is 344 bars
and the flowrate 200 mL/min. If no maximum flowrate value is entered, 200 mL/min is set auto-
matically.

In the constant flow mode, inputs are: the working flowrate, the maximum pressure and the vol-
ume injected. Maximum pressure value should be entered at any time for safety reasons.

Once all these parameters are set, the pump can be started. Then, data can be read on the panel or
acquired by the computer on a note file (Figure 2.7). Data acquirement frequency can be set, the
minimum being every second. Data recorded are time, working mode (here always the constant
flow mode, 2), flowrate (fixed parameter), pressure (result parameter) and volume of fluid in the
pump.

Figure 2.6: Details of the control panel and the two different modes, constant pressure and con-
stant flow

Figure 2.7: Note file containing data acquired by the pump software
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2.2 Method of nanoemulsion production

2.2.1 Premix composition and preparation

2.2.1.1 Model composition

A model composition was chosen to develop the process. First, the surfactant had to be a non-
ionic surfactant to avoid electrostatic interactions with the membrane. Moreover, a blend of hy-
drophobic and hydrophillic surfactants are often used in order to facilitate formation of the emul-
sion and to improve its stability. Considering these considerations, Tween 20 (Polysorbate 20)(Fig-
ure 2.8) and Span 80 (Sorbitan monooleate) (Figure 2.9)from Sigma Aldrich (France) were chosen
as they are classically used in many applications.

Figure 2.8: Chemical structure of Polysorbate 20

Figure 2.9: Chemical structure of Sorbitan monooleate

Tween 20 has an HLB = 16.7 and is an hydrophilic surfactant and Span 80, with an HLB of 4.3, is
an hydrophobic surfactant.
Different cosmetic oils were investigated for model compositions. First, ethylhexyl palmitate
(EHP) was chosen by our European partners because it showed the best size results (smaller and
monodispersed droplet size distribution) and is a commonly used in cosmetic formulations. EHP
(Figure 2.10), was purchased from Eigenmann & Veronelli (Spain). This oil has a RHLB of 9 for
O/W emulsions (data given by the supplier and verified in the laboratory). For W/O emulsions
the RHLB is 5.
EHP is the fatty acid ester derived from 2-ethylhexanol and palmitic acid. At room temperature it
is a clear and colorless liquid. It has a viscosity of 13.15 mPa.s at 25°C, and thus is a low viscous
oil.

Figure 2.10: Chemical structure of ethylhexyl palmitate
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Then, in order to investigate the viscosity influence, mineral oils were used. They are allowed and
used in cosmetics. Mineral oil also called, white oil, paraffin oil, liquid paraffin, paraffinum liq-
uidum (Latin), or liquid petroleum, is a by-product of refining crude oil composed mainly of alka-
nes and cycloalkanes. White Mineral Oil (WMO) was provided from Fisher (USA) with a viscosity
of 44 mPa.s (at 25oC), Marcol 52 and Marcol 82 from Exxon mobil with viscosities of respectively
14.1 mPa.s and 24.1 mPa.s (at 25oC). These oils are transparent liquids with different viscosities
obtained by changing alkanes and cycloalkanes chain length and ratio. The advantage is that the
chemical compositions stay the same and also properties such as interfacial tension.
Water used in all formulations was obtained using a Synergy unit system (Millipore, France) de-
livering Ultrapure water with a resistivity of 18.2 MΩ at 25oC. Viscosity influence was investigated
with glycerol which is a Newtonian viscous fluid and keeps its Newtonian behavior when mixed
with water. Glycerol was supplied from Roth (Germany) and has a viscosity of 905.98 mPa.s at
25oC.
In most experiments, the overall surfactant concentration was fixed at 5 % in weight percentage of
the total emulsion for 10% dispersed phase (oil or water) in order to ensure that the newly formed
droplets were immediately covered with surfactants, hence preventing the increase in droplet size.
Nanoemulsion creation requires much more surfactant than macroemulsions as the area of the
oil/water interface to stabilize is much higher.
The total surfactant concentration xTS = 5%, is composed of a blend of Span 80 and Tween 20
whose HLB, HLBb should reach the RHLB of the oil. HLB being an additive value:

HLBb = xT20×HLBT20 +xS80×HLBS80 (2.1)

xT20 +xS80 = xTS (2.2)

For the O/W emulsion, the concentrations were 2.3 % Tween 20 and 2.7 % Span 80 and for W/O
emulsions, 0.28 % Tween 20 and 4.72 % Span 80.
Premixes were all prepared at room temperature. Both phases were first prepared separately. The
water phase was obtained by dissolution of Tween 20 in water under magnetic stirring at 600 rpm
and the oily phase by dissolution of Span 80 in oil using the same procedure. The two phases were
then mixed under magnetic stirring for 10 min to produce the premix.

2.2.1.2 PeptiCaps composition

For O/W emulsions, as described in the previous part, EHP was used as the oil phase. The surfac-
tant used was one of the poplypeptides developed within the project and prepared at pilot scale
by PTS (Polypeptide Therapeutic Solution) (Valencia, Spain). This surfactant was named PP1 (for
polypeptide 1). The water phase was citrate buffer at pH 5.5.
PP1 was used at low concentration typically 10% or 20% of the oil content so respectively 1% to 2%
of the total emulsion. Polypeptides are expensive and complex to produce, this is why the amount
used has to be as low as possible.
For premix emulsion preparation, the first step was dissolution of PP1 in citrate buffer at pH 5.5.
This step could necessitate the use of an ultrasonic bath which was proven to have no impact on
the polypeptide structure. Then, the premix was obtained by mixing the aqueous and oil phases
with an Ultra-Turrax T 50 basic (IKA) at 6,400 rpm during 2 min.
The composition for W/O emulsions was also chosen by our European partners. The oil phase
was MCT oil and Ewocream (SINERGA) was used as a co-surfactant. For the water phase, citrate
buffer at pH 5.5 or 30/70 % w/w citrate buffer glycerol was used with the second polypeptide (PP2)
provided by PTS.
MCT oil was chosen for its compatibility for both cosmetic and pharmaceutical products and the
better results (droplet size and stability) obtained at lab-scale by our partners when preparing na-
noemulsions with ultrasounds. MCT oil was purchased at Gattefossé (commercial name Labrafac
Lipophile WL 1349) and consists of saturated MCTs of around 50 to 80% caprylic (C8) and 20 to
50% capric (C10) acids (Figure 2.11). Its viscosity is 24.08 mPa.s at 25oC and it is a transparent oily
liquid.
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Figure 2.11: Chemical structure of caprylic and capric acids

Ewocream is a Polyglyceryl-3 sorbityl Linseedate sold as a W/O emulsifier of vegetable origin. It
was used as an oil soluble co-emulsifier for the W/O formulation as PP2 is too hydrophillic to
stabilize W/O emulsions when used alone in the formulation.
The premix was obtained by preparing both aqueous and oil phases separately. The oil phase was
prepared by diluting Ewocream in MCT. The water phase was obtained by dissolving PP2 in citrate
buffer at pH 5.5 or a mixture of citrate buffer/ glycerol.

2.2.1.3 Composition for injection

In order to produce O/W nanoemulsions for injection, the model composition was reformulated.
MCT was used as it is the most extensively used FDA approved oil for parenteral formulations.
Tween 20 and Span 80 were kept as emulsifiers as both are FDA approved for intravenous admin-
istration and innocuous in low quantities. The total emulsifier concentration was kept at 5% to
keep potential toxicity at a minimum whilst simultaneously ensuring optimal emulsion stability.
The RHLB of the oil was investigated and found to be 10 so the percentage of Span 80 was set at
2.7% and the percentage of Tween 20 at 2.3 %.
The active pharmaceutical ingredient (API) within the nanoemulsion was all-trans retinoic acid
from Sigma-Aldrich (Figure 2.12). Its solubility in MCT was determined by UV spectroscopy and
found to be 2 mg/mL in oil. A concentration of 10% in oil within the emulsion correspond to 0.2
mg/ ml of total emulsion which is sufficient to ensure a reasonable volume injected and the dose
of active ingredient required.
Glycerol was added at 1.88% in order to increase osmolarity of the emulsion up to 0.307 osmol/kg
which is close to the ideal osmolarity for intravenously administered galenic forms: 0.300 ± 10%
osmol/kg.
The oil phase was prepared by mixing together MCT, Span 80, BHT and API and the water phase
was prepared by mixing water, glycerol and Tween 20. Then, both phases were mixed with a mag-
netic stirrer for 10 min.

Figure 2.12: Chemical structure of all-trans retinoic acid
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2.2.2 Production of nanoemulsions with the final set-up

2.2.2.1 Pipe resistance to water

The pressure generated by the water flow through the pipe was measured without the membrane
module and reported on Figure 2.13. From 0 to 100 mL/min the resulting pressure increased
linearly with flowrate. After 100 mL/min, a transition occurs which was explained as the transition
between laminar and turbulent flow. At 100 mL/min the Reynolds number calculated at 25oC was
1570. The laminar flow to turbulent flow transition is known to be around 2000. In our case, it
seems to be lower, but the critical Reynolds number depends on the pipe geometry.

Figure 2.13: Resulting pressure for pure water through the pipe connecting the pump to the mem-
brane module

2.2.2.2 Membrane resistance to water

Before each experiment with a hydrophillic membrane, the membrane resistance to water (Rm)
was measured in order to check that the membrane has been effectively cleaned. Pure water was
injected to the system with the membrane module at different flowrates, typically from 10 to 200
mL/min. Membrane resistance (Rm) was estimated from the slope of the pure water flowrate
versus membrane pressure (Figure 2.14). It worth noting that for different unused membranes of
same length and mean pore size significant differences were obtained.

In order to compare membranes of different length, the hydraulic membrane resistance (Rh) can
be expressed as a function of flux instead of flowrate (Equation 2.3):

Rh = Rm×S (2.3)

with S the effective membrane area of the membrane. Rh is function of the pore size as it can be
seen on Figure 2.15. When fitting, Rh seem to be proportional to 1/d p2 which is in agreement
with Vladisavljević et al. [47].

A difference with the initial Rm below 20% was considered as acceptable for a clean membrane.
Total recovery of Rm was possible in some conditions and sometimes not.
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Figure 2.14: Examples of different Rm measured a) 125 mm long membrane with 0.5 μm pore size
b) 20 mm long membrane with 0.3 μm pore size c) 125 mm long membrane with 0.1 μm pore size

Figure 2.15: Rh variation with pore radius; Rh (measured) is the mean value of membranes of
different length at this pore size with standard deviation

2.2.2.3 Pressure induced by the pipe

In order to understand the influence of all parameters of the set-up, before passing through the
membrane, the premix was pushed through the set-up pipes without the membrane being con-
nected. The procedure was similar as the one performed with water in the previous part. This
allows the measurement of the pressure required to displace the premix within the pipe at differ-
ent flowrates. Typically, the working flowrates were 10, 20, 50, 75, 100, 150 and 200 mL/min.
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2.2.2.4 Nanoemulsion production

The premix was first pumped in the syringe pump from the feed tank at a speed from 5 to 40
mL/min depending on its viscosity, in order to ensure that no air was pumped into the system.
Most of the experiments were then carried out with volume of injection of 40 mL to minimize time
and material consumption. The nanoemulsion produced flew from the membrane tube under
gravity and was collected in a beaker placed beneath the module.
Typically, when possible, flowrates of 10, 20, 50, 75, 100, 150 and 200 mL/min were investigated.

2.2.2.5 Data acquisition

As described previously, PME was performed in constant flow mode. The data of interest acquired
during the process was pressure. A typical pressure variation with volume injected is drawn on
Figure 2.16). Three distinct phases are observed:

• Phase 1: The membrane module is filled by the premix, and the fluid is compressed but
does not pass through the membrane pores, as the pressure is below the emulsifying pres-
sure.

• Phase 2: The emulsifying pressure is reached. The pressure is stable wich means that no
filtration occurs, the imposed flowrate and the flowrate through the membrane are equal.
This is the phase were the emulsion is collected and characterized.

• Phase 3: The volume imposed is reached so the piston stops and the pressure decreases.

Figure 2.16: Pressure variation with injected volume

2.2.2.6 Cleaning procedure

Water as the continuous phase The cleaning procedure began by emptying and cleaning the
pump. The membrane module was removed and the remaining premix in the pipe was discarded
by pumping and injecting air pushing out the premix. Then a small amount (100 mL) of water was
pumped and injected followed by emptying the pipes with air. This procedure was repeated until
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the water outflowing from the high pressure syringe pump was clear; typically three cycles were
needed.
Then, the membrane was carefully cleaned until recovery of its hydrodynamic resistance to water
(Rm). For that, the membrane module and the membrane were re-connected to the pump. The
membrane cleaning procedure was three pumpings/injections through the membrane of 500 mL
of a 1 % Derquim + solution at 70oC at 200 mL/min. A second step to remove the Derquim +
solution from the membrane was required, and three injections of 500 mL of pure water at room
temperature and 200 mL/min were performed. The membrane resistance to water was recovered
after this treatment.

Oil as the continuous phase When using oil as the continuous phase the cleaning was not
as easy as it was for O/W emulsions. Filling the pump and the membrane with detergent in an
aqueous phase would not have any sense as the continuous phase is oil.
As for O/W emulsions, the pump was first cleaned by removing the membrane module and the
membrane. The membrane was immersed in the continuous phase composed of oil and hy-
drophobic surfactant and placed in an ultrasonic bath at 85oC for 2 h in order to help removing
the emulsion from the pores. The pump was cleaned by pumping and injecting small volumes of
continuous phase (50 mL) until transparent oil was obtained, typically three cycles were needed.
Then, the membrane was replaced inside the membrane module and the continuous phase was
injected through the membrane pores until the liquid collected was transparent oil.

2.2.3 Production of nanoemulsions by other processes

2.2.3.1 Ultrasounds

An UP400S Ultrasonic Processor (Hielscher, Teltow, Germany) was used to create nanoemulsions
(Figure 2.17). It is equipped with a 100 mm titanium cylindrical sonotrode (radius = 7 mm) and a
sound protection box.

Figure 2.17: Photography of an UP400S Ultrasonic Processor

Its operating frequency is 24 kHz and its amplitude can be modulated from 0 to 100%. To obtain
homogeneous size reduction, the emulsion was magnetically stirred during all the homogeniza-
tion process. The beaker containing the sample was placed in an ice bath to limit temperature
increase.

67



CHAPTER 2. MATERIALS AND METHODS

2.2.3.2 High pressure homogenizer

A LM20 series Microfluidizer processor (Microfluidics, Massachussets, USA) (Figure 2.18) was
used. Its reservoir capacity is 300 mL and it can operate at pressures up to 2068 bars.

Figure 2.18: Photography of the Microfluidizer processor

The procedure of operation was the following. First the premix was introduced into the microflu-
idizer tank. The motor of the machine was started and the pressure was selected from 500 to 2000
bars, created by the intensifying pump. The outflow is a jet of emulsions of around 7 mL. For safety
reason the tank and pipes should never be emptied. Thus, the first three jets were not collected
because it was a mix of the sample and the filling liquid (typically water). For the same reason, the
tank pump was stopped before whole the sample is proceeded. If a second cycle was required the
emulsion collected was filled in the tank for a second cycle.
If required, a cooling system can be added at the outlet of the microfluidizer.

2.3 Characterization of emulsions

The main methods of characterization are presented in this section. Specific characterization
such as high pressure liquid chromatography (HPLC) methods are developed in Chapter 6.

2.3.1 Droplet Size

2.3.1.1 Laser diffraction

The droplet size of nanoemulsions and premixes were measured systematically by Laser Diffrac-
tion (LD) particle size analysis with a Mastersizer 3000 (Malvern Instruments)(2.19). The tech-
nique is based on measurement of the intensity of light scattered as a laser beam passes through
a dispersed particulate sample.
The apparatus is composed of an optical bench where a laser beam illuminates the particles and a
series of detectors that measure the intensity of light scattered by the particles within the sample
for both red and blue light wavelengths.

The sample is delivered in front of the laser beam by a sample dispersion unit. In our case, a wet
dispersion unit where particles are in suspension in a dispersant was used, a dry dispersion unit
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Figure 2.19: Photography of the Mastersizer 3000

where particles are injected in the measurement cell by gas pressure is also available. is controlled
by a range of wet and dry dispersion units. The dispersion unit is under agitation; the speed of
agitation and the intensity of ultrasound can be selected. In our case the agitation speed was set
at 2000 rpm with no ultrasound.

In order to analyze the scattering data to calculate particle size distributions, the Mie scattering
theory was used. This theory is more adapted for emulsions than Fraunhofer approximation be-
cause it takes into consideration the light absorption of the particles which is not negligible in
case of emulsions.
For EHP and mineral oils, the refractive index was set at 1.47. The ultrapure water phase has a
refractive index of 1.33. For all emulsions analyzed, the absorption index was set at 0.005. The
emulsion was added until an obscuration value between 4-6% was reached.
In order to have good quality measurement, only results with good quality fitting are presented
in this work. The residual and pondered residual values, which are quality factors, for acceptable
quality, have to be below or close to 1% and values of both factors have to be nearly equal. It was
always the case for the samples measured.
The software, for data treatment, offers different analytical models. Classically, the general pur-
pose model was used. As the quality factors were good this model was selected for most of the
samples. In Chapter 6, as samples were not as monodispersed, the narrow peak mode was used
to improve quality factors.

The results were expressed either by the figure of the entire size distribution or by D50 the mean
droplet diameter for which 50 % of droplets in volume are below this size, similarly 90 % lie below
D90 and 10 % below D10. The dispersity of the sample is given by the span value defined as span =
D90−D10

D50
.

All measurements were done in triplicate, the values reported were the average of the three mea-
surements.

2.3.1.2 Dynamic light scattering

Dynamic light scattering (DLS) essays have be performed to validate size results obtained by LD.
Some samples of different sizes have been measured showing a good correlation between LD and
DLS measurement. DLS was performed using a Zetasizer Nano Z (Malvern Instruments, France).
Data processing of the DLS measurements were done with the Zetasizer software by both cumu-
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lants and distribution analysis.

Results were z-average data which are the mean size and the size distribution in intensity. Before
measurements, the nanoemulsions samples were diluted in ultrapure water if water was the con-
tinuous phase or oil if the continuous phase was oil (the dilution factor was adjusted to obtain an
attenuation factor between 7 and 9). Viscosity of the dilution solution was changed according to
the dilution solution used. The measurements were realized at 25oC and the values reported were
the average of three repeated measurements.
For W/O, the results of Chapter a were obtained after the preparation of nanoemulsions with
polypeptidic surfactant reported in Chapter 5. During size measurement of Chapter 5, we no-
ticed that the viscosity of the emulsion could hinder an accurate size measurement by means of
DLS. Indeed, Malvern website states that the maximum size which can be measured is related to
the sample viscosity. As an example, the maximum size which can be measured for samples with
a viscosity of 10 mPa.s and 100 mPa.s is less than 1 μm and 100 nm respectively. The continuous
phase has a viscosity of at least 33 mPa.s (pure MCT), which means that droplet size which can be
measured is around 300 nm.
For this reason we chose, in Chapter 4, to measure droplet size of W/O emulsions by LD instead
of DLS even if LD measurement in oil are longer and more difficult to perform, as we expect LD to
give more accurate data.

2.3.1.3 Microscopy

Optical Microscopy In order to validate the droplet size data obtained by other methods, sam-
ples were observed by optical microscopy. A Leica DM2000 LED optic microscope fitted with a
high definition camera was used to observe droplets within the emulsion.
For nano-emulsions, the droplet size were not measurable, but the aim was to confirm or not the
presence of micron size droplets.

TEM and cryo-TEM Some selected samples were imaged by Transmission Electron Microscopy
(TEM) using a CM 120 TEM (Phillips) at the Centre Technologique des Microstructures (CTμ), a
platform at Université Claude Bernard Lyon 1, Villeurbanne, France. TEM was operated at an ac-
celerating voltage of 120 keV. An aliquot (10 μL) of the diluted nanoemulsion (dilution factor 10
times) was deposited onto a formvar/carbon coated copper grid for 2 min. Then, the excess liquid
was blotted and the sample was further stained with sodium silicotungsate at 1% in water. Excess
of staining solution was blotted and the sample was further dried at room temperature overnight.
For the nanoemulsion stabilized by the polypeptide, the pH of the staining solution was adjusted
to 5.5.
However, the TEM images obtained did not give convincing results with the oil used.

Then cryo-TEM was tested as it allows to see the emulsion in its native environment and as cryo-
genic temperature prevent the oil from radiation damage.
The same microscope was used for cryo-TEM but with a different sample preparation.
Thin liquid films of the suspensions were deposited onto 300 Mesh holey carbon films (AgarSci-
entific, UK) and quench-frozen in liquid ethane using a cryo-plunge workstation. The specimens
were then mounted on a precooled Gatan 626 specimen holder, transferred in the microscope and
observed as described previously (at an accelerating voltage of 120 keV).
However, the film of emulsion in this technique has a thickness of 200 nm which was an issue to
measure the droplet sizes of the nanoemulsion droplets as they were larger than this size.

2.3.2 Viscosity

When needed, the dynamic viscosity of the emulsions was measured using a rheometer MCR 302
equipped with the CP50 module and the software Rheocompass (Anton Paar, France).
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For each measurement, we verify that within the shear rate range investigated from 0 to 100 s-1,
the shear stress variation was linear which means that the emulsion is an ideal Newtonian fluid.
Emulsions at high oil concentration showed a shear thinning effect, in this case, they were not
selected for PME as this effect was not part of our study.
Measurements were made at 25oC in triplicate and average measurements are presented in Chap-
ter 3 and Chapter 4.

2.3.3 Interfacial tension

Interfacial tension was measured previous to this work in order to determine the best surfactants
for the model composition.
The pendant drop method was used with a DSA10 Mk2 measurement system equipped with a
CMOS camera (Krüss). An aqueous surfactant solution drop was formed with a 1.507 mm needle,
immersed in a 10 mL quartz cell containing the oil. The image acquisition was realized with the
camera and the interfacial tension was measured from drop shape analysis knowing the density
of both liquids and by the mean of the Young-Laplace equation.
Measurement were made at 25oC.

2.3.4 Stability

All samples were kept at room temperature around 25oC and without light. Some of the most
interesting samples were measured in stability up to 12 months.
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Preamble

Nanoemulsions present a lot of different advantages over emulsions as detailed in section 1.1.1.
This is why reaching nanometric size is a target in PeptiCaps European project.
However, as exposed in the literature review in section 1.1.3, processes for nanoemulsions pro-
duction present all some drawbacks especially at large scale.

As presented in section 1.2, some processes can overcome these drawbacks such as membrane
emulsification. Membrane emulsification can be divided into two processes DME and PME as
detailed in section 1.2.1. PME allows faster production and therefore is a better candidate for large
scale production. However, as presented in section 1.2.4, only few studies reported nanometric
size with membrane processes and none of them at volume larger than a few milliliters.

In order to reach the aim of the European project, i.e. producing nanoemulsions with a membrane
process at pilot scale, a new set-up was developed. Steps of development and the set-up itself are
described in Chapter 2. Moreover, this set-up allows a very god control and data acquisition of
pressure, flowrate and volume, which is an important advantage for a better understanding of the
process.

First the set-up was used to produce emulsions droplets at microscale with a 1.1 μm membrane;
the results obtained are presented in Appendix A.2 were in agreement with what is already re-
ported in the literature.

The aim of the study presented in this chapter was to evaluate the influence of the same param-
eters but at nano-scale. These parameters are process parameters and composition parameters.
The influence of volume, flowrate and membrane length are major process parameters that must
be investigated in order to produce nanoemulsions at large scale. Then membrane pore size and
number of cycles are known to have an influence on droplet size and smallest droplet size is one of
the aim of the project. In this study, we worked with model compositions but the final objective is
the Pepticaps composition so oil and surfactant concentrations were investigated to understand
the effect of composition on the process.

All these parameters were investigated in term of resulting pressure which is a crucial parameter.
The pressure has to be minimized and not to be above 60 bars which is the limit of feasibility for
the process.
Other important results in this study are the influence of process and composition on droplet
sizes.
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Preparation of oil-in-water nanoemulsions
at large-scale using premix membrane emul-
sification and Shirasu Porous Glass (SPG)
membranes

O. Alliod, J.-P. Valour, S. Urbaniak, H. Fessi, D. Dupin, C. Char-
cosset

Colloids and Surfaces A (published online, 2018)

3.1 Abstract

Nanoemulsions are increasingly used in cosmetics, pharmaceutics and food. They are produced
usually by low or high energy techniques. In this study, a process involving moderate pressure in
the range 10-60 bar was proposed as an alternative, in particular for the encapsulation of sensitive
actives or applications that require a precise droplet size control. Oil-in-water (O/W) nanoemul-
sions were prepared by premix membrane emulsification (PME) using a set-up with a controlled
high pressure syringe pump and 125 mm long SPG membrane. A coarse emulsion (premix) was
injected through the membrane with pore size between 0.2 and 0.8 μm in order to reduce and
homogenize the droplet size. The effect of several parameters was investigated: process param-
eters (scalability, cycle number, membrane pore size, flowrate) or formulation (oil and surfactant
concentrations). Nanoemulsions were prepared at large scale up to 500 mL at production rate
up to 200 mL/min, pressure below 60 bar and one cycle. The droplet size was linearly related to
the membrane pore size and highly monodisperse nanoemulsions of around 260 nm in diameter
and stable for 9 months at room temperature were achieved with the smallest pore size mem-
brane (0.2 μm). Moreover, the mechanisms involved in PME for nanoemulsions were discussed,
such as flow through the membrane pores and droplet disruption by wall shear stress inside the
membrane porous structure.

3.2 Introduction

Nanoemulsions find a wide range of applications in cosmetics [2], pharmaceuticals or food in-
dustry [3] and are defined by their droplet size which has to be smaller than 1000 nm, or 500 nm
or 100 nm, depending on the definition used. Generally, nanoemulsions are oil-in-water emul-
sions (O/W) as the oil phase is dispersed into the water continuous phase, but can also be water-
in-oil emulsions (W/O) when the water phase is dispersed into the oil continuous phase. Mini-
emulsions, ultra-fine emulsions or sub-micron emulsions can also be used to name this type of
emulsion. Small droplet size confers a high stability, unique texture and drug delivery properties
[44]. In dermatology or cosmetics, these general characteristics are completed by specific prop-
erties such as uniform deposition on the skin, enhanced penetration thanks to large surface area
and small droplet size, modified release and drug carrier properties, film formation on the skin,
pleasant aesthetic character and skin feel [28]. Nanoemulsions are also the first step of numerous
encapsulation techniques in order to create nanocolloids such as nanocapsules or nanospheres.
Nanoemulsions are produced by two main types of processes, low and high energy processes.
Low energy processes depends on the physicochemical properties and therefore require the use
of specific surfactants and/or co-surfactants at high concentration and rely on the spontaneous
formation of oil droplets. Several techniques are available such as phase inversion composition,
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phase inversion temperature, emulsification in the micro-emulsification domain and nanopre-
cipitation, which involves a water soluble solvent [25]. These techniques require specific compo-
sitions which may not be suitable for cosmetics or pharmaceutical applications.
High energy processes are on the contrary suitable for a larger range of formulations as the na-
noemulsions are generated using mechanical devices with intensive disruptive forces that breakup
the oil and water phases[44]. Among these techniques, ultrasound or sonication is based on the
cavitation mechanism. It requires high energy input and can only be applied at a very small scale.
High-pressure homogenization (HPH) [37] needs also high energy input (pressure applied up to
around 2000 bar). Unfortunately, only 0.1 % of the energy input is actually used for emulsifica-
tion, while the remaining energy (99.9%) is dissipated as heat [8]. Both processes can generate
nanoemulsions with very small droplet size, but usually broad size distribution are obtained with
sonication and several cycles are needeed with HPH to obtain monodisperse droplets. More re-
cently, other processes, that require less energy like membrane emulsification, have been devel-
oped [64, 114]. The advantages of membrane emulsification are low energy requirement lead-
ing to no temperature increase during emulsification and low shear rate which gives better sta-
bility for shear sensitive actives. In addition, membrane emulsification allows a good control
of the droplets size, which depends on the membrane pore size, and narrow particle size dis-
tribution. The two main configurations are direct membrane emulsification (DME) and premix
membrane emulsification (PME). In DME, the dispersed phase is pushed through the membrane
pores into a stirring or cross-flowing continuous phase and small droplets are formed at the mem-
brane/continuous phase interface. For the preparation of nanomemulsions, membranes with
very small pores have to be used, therefore DME leads to very low flowrates of the dispersed phase
[92] and may not be suitable for scale-up.
In PME, a coarse emulsion called premix is pushed through the membrane pores, reducing the
droplet size and size distribution. The mechanism of droplet formation in PME is related to the
break-up of large droplets within the membrane due to wall shear stress inside the membrane
pores. In general, higher flowrates are more effective for droplet disruption due to the higher
stress applied on the droplets inside the pores, which leads to a decrease in particles size and size
distribution. Also, to reduce the droplet size and make size distribution narrower, the emulsion
can pass through the membrane several times (repeated PME). PME has several potential advan-
tages compared to DME [87, 62]. The flowrate of the product emulsion is generally much higher,
higher droplet concentrations are obtained, the mean droplet size are smaller than in DME, the
experimental set-up is simpler and the process is easier to control and operate. Like in DME,
the droplet size can be controlled by the membrane pore size. For the production of nanoemul-
sions, PME is particularly attractive as it can lead to higher flowrate than in DME. Bunjes et al.
prepared nanoemulsions by PME with droplet size lower or around 200 nm with narrow size dis-
tribution [92, 110, 94]. Depending on the membrane material and thickness, up to 21 extrusion
cycles through polymeric membranes [110, 94] were required or only 1 extrusion cycle through
Shirasu Porous Glass (SPG) membranes [92, 60]. This result was explained by the high pore tortu-
osity and thickness of the SPG membranes.
SPG membranes are the most commonly used membranes for emulsification. They present the
advantages of high porosity (50-60%), interconnected micropores, narrow pore size distribution,
large range of pore sizes available (100 nm-50 μm) and low manufacturing cost [114, 87]. Oh et
al. [60] reported the preparation of microemulsions by coupling microemulsification prior to the
application of a SPG membrane process[115]. Bunjes and Joseph [92] described the production
of few milliliters of nanoemulsions using PME with SPG membranes. Indeed, the production of
nanoemulsions by membrane emulsification is challenging [56] especially for large volumes at
high flowrates.
In general, scale-up production of nanocolloids is an issue [116]. Membrane emulsification which
is known to be scaled-up can be a possible alternative to more classical processes. However, only
some studies reported large-scale production of nanocolloids by membranes, for example for the
production of liposomes [71, 117].
The aim of this study was to investigate the preparation at large-scale of O/W nanoemulsions
using PME. For that, a set-up based on PME with SPG membranes was developed with a high
pressure pump which allowed working pressure with SPG membranes up to 60 bar, flowrates up
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to 200 mL/min and volumes of preparation up to 500 mL. In addition, to increase the flowrate
of the nanoemulsions obtained, a membrane with length of 125 mm was used in most of the ex-
periments. With this set-up, the effect of several parameters was investigated, including process
parameters (volume of preparation, flowrate, membrane pore size and cycle number) and emul-
sion formulation (oil and surfactant concentrations). The emulsions obtained were characterized
by their mean droplet size and/or size distribution.

3.3 Materials and methods

3.3.1 Materials

Ultrapure water was obtained using a Synergy unit system (Millipore, France). Ethylhexyl palmi-
tate (EHP) was purchased from Eigenmann & Veronelli (Spain), Tween 20 and Span 80 from Sigma
Aldrich (France), and Derquim+ from Derquim (Spain).

3.3.2 Experimental set-up

The experimental set-up used for the preparation of nanoemulsions by PME is shown in Figure
3.1. The set-up was composed of a high pressure benchtop single cylinder pump BTSP 500-5
(Floxlab, Nanterre, France). The pump is made of high grade stainless steel and was equipped with
a pressure sensor (±0.1 bar), two pneumatic valves for tank feeding and outlet delivery, a control
panel and a storage tank of 500 mL. Pressurization was obtained via a motor-driven piston. A
computer was connected to the pump for data acquisition. The flowrate, pressure and volume
injected were recorded every second with the software. The maximum pressure delivered by the
pump was 344 bar and flowrate 200 mL/min. The membrane module was connected to the pump
with high pressure fittings (Swagelock, France).

Figure 3.1: Experimental set-up of the high syringe pump with membrane holder and SPG mem-
brane
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3.3.3 Membranes

Hydrophilic SPG membranes were provided by SPG Technology Co. Ltd (Miyazaki, Japan). These
membranes are tubular with an inner diameter of 8.5 mm and thickness of 0.8 mm. In most
experiments, the membrane length was 125 mm, however, for some tests, membranes with length
of 20 mm were used. Membranes with mean pore size of 0.2, 0.3, 0.4, 0.5, 0.6 and 0.8 μm were
investigated; the mean pore size data are given by the manufacturer. The membranes were able
to resist to transmembrane pressure up to 60 bar.
The membrane modules used were respectively a tubular module and an external pressure mi-
crokit module [90] for membranes with length 125 mm and 20 mm. Both modules were supplied
by SPG Technology. For the 125 mm membrane, the cross-flow tubular module was adapted to
be used in PME. The premix was pushed from the external part of the tube to the internal part
in a similar way as in the external pressure microkit. The effective length of the membranes was
reduced due to sealing rings placed at both ends of the membrane tube. Therefore, the effective
length was respectively 12 mm and 115 mm, for the 20 mm and 125 mm membranes. The effec-
tive membrane area of the 20 mm membrane (3.20 cm2) was about 10 times the one of the 125
mm membrane (30.70 cm2).

3.3.4 Formulation of nanoemulsions

Ultrapure water was used as the continuous phase and EHP as the dispersed phase. The required
HLB (RHLB) of EHP was given by the supplier as RHLB=9. The surfactant system chosen to sta-
bilize the emulsion was Tween 20, HLB= 16.7, as the hydrophilic surfactant and Span 80, HLB=
4.3, as the hydrophobic surfactant. In most experiments, the composition (in weight percentage
of the total emulsion) was for the continuous phase, 1.9 % Tween 20 and 85 % water, and for the
dispersed phase 3.1 % Span 80 and 10 % EHP. The overall surfactant concentration was then 5 %.
The surfactants and high concentrations were chosen to ensure that the newly formed droplets
were immediately covered with surfactants, hence preventing the increase in droplet size.
The influence of oil concentration was investigated at 5, 10, 20, 30 and 40 %. The surfactant con-
centration to oil concentration ratio was kept constant at 0.5, so the total surfactant concentration
in the formulation was respectively 2.5, 5, 10, 15 and 20 %. In addition, the influence of surfactant
concentration was investigated at 2.5, 5, 10, 15 and 20 % while maintaining the oil percentage at
10 % so the oil concentration to surfactant concentration ratio was respectively 0.25, 0.5, 1, 1.5
and 2.

3.3.5 Preparation of nanoemulsions

Preparations were all performed at room temperature. Both phases were first prepared separately.
The continuous phase was obtained by dissolution of Tween 20 in water under magnetic stirring
at 600 rpm and the dispersed phase by dissolution of Span 80 in EHP using the same procedure.
The two phases were then mixed under magnetic stirring for 10 min to produce the premix. This
premix was then placed in the feed tank and pumped in the syringe pump. First 20 mL premix
was injected in order to remove air from the experimental set-up and fill it with premix Most of
the experiments were then carried out with volumes of injection of 40 mL to minimize time and
material consumption. The nanoemulsion produced flew from the membrane tube under gravity
and was collected in a beaker placed beneath the module. Larger volumes of premix (100, 250 and
500 mL) were prepared to test the scalability of the technique. In most experiments, the flowrate
was set to 200 mL/min. To investigate the effect of flowrate, the following flowrates were set: 5, 10,
20, 50, 75, 100 and 150 mL/min. The transmembrane flux is equal to the flowrate divided by the
effective membrane area.

3.3.6 Membrane cleaning

Before each use, the membrane was carefully cleaned until recovery of its hydrodynamic resis-
tance to water (Rm). For hydrodynamic resistance measurements, water was permeated through
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the membrane at different flowrates between 10 and 200 mL/min and the resulting pressure was
measured. Rm was estimated from the slop of the pure water flowrate versus resulting pressure
[47]. The cleaning procedure consists in three injections through the membrane of 500 mL of a
1 % Derquim + solution [57] at 70oC at 200 mL/min and then three injections of 500 mL of pure
water at room temperature and 200 mL/min. The membrane resistance to water was recovered
after this treatment.

3.3.7 Particle size distribution measurements

3.3.7.1 Laser diffraction

The droplet size of nanoemulsions and premixes were measured by Laser Diffraction (LD) particle
size analysis with a Mastersizer 3000 (Malvern Instruments, France). The technique is based on
measurement of the intensity of light scattered as a laser beam passes through a dispersed partic-
ulate sample. The Mie scattering theory was used, with a refractive index and an absorption index
set up at 1.47 and 0.005 for the dispersed phase, respectively. The continuous phase was ultrapure
water with a refractive index 1.33 The results were expressed by D50 the mean droplet diameter for
which 50 % of droplets in volume are below this size, similarly 90 % lie below D90 and 10 % below
D10. The dispersity of the sample is given by the span value defined as span = D90−D10

D50
All measurements have been done in triplicate, the values reported were the average of the three
measurements.

3.3.7.2 Dynamic light scattering

The droplet size was also measured by means of dynamic light scattering (DLS) using a Zetasizer
Nano Z (Malvern Instruments, France). Data processing of the DLS measurements were done with
the Zetasizer software by both cumulants and distribution analysis. Results were z-average which
is the mean size and the size distribution in intensity. Before measurements, the nanoemulsions
samples were diluted in ultrapure water (the dilution factor was adjusted to obtain an attenuation
factor between 7 and 9). The measurements were realized at 25oC and the values reported were
the average of three repeated measurements.

3.3.8 Viscosity measurement

For the investigation of the effect of oil concentration, the dynamic viscosity of the emulsions
was measured for each sample. The measurements were realized using a rheometer MCR 302
equipped with the CP50 module and the software Rheocompass (Anton Paar, France) at 25oC.

3.4 Results and discussion

3.4.1 Process parameters

All experiments in this section were performed at a composition of 10% EHP and 5% overall sur-
factant concentration. The premix was obtained by the same procedure for all experiments as
described in Materials and Methods. The droplet size distribution of the premixes were similar
for all experiments and are presented in section 3.1.3 and 3.1.5.

3.4.1.1 Influence of volume for scalability

The volume of premix injected through the membrane was tested up to 500 mL (40, 100, 250 and
500 mL) with 125 mm length and 0.5 μm pore size membrane at 200 mL/min, to investigate the
scalability of the process (Figure 3.2). For all volumes injected, the resulting pressures were almost
the same, 27.2 bar at 40 mL and 28.3 bar at 500 mL. As detailed below, the resulting pressure

79



CHAPTER 3. PREPARATION OF OIL-IN-WATER NANOEMULSIONS AT LARGE-SCALE
USING PREMIX MEMBRANE EMULSIFICATION AND SHIRASU POROUS GLASS (SPG)
MEMBRANES

was the sum of the pressure needed for droplet disruption, pressure due to flow of the premix
through the membrane pores and pressure in the pipes from the pump to the membrane module.
A constant pressure during injection of 500 mL of premix indicates very low membrane fouling
as well as the absence of filtration. This is highly favorable to scaling-up and suggests that larger
volumes of premix can be treated. Also, the droplet size was almost the same at the different
volumes injected, with a mean droplet size of 678±6 nm from 40 mL to 500 mL. This also suggests
that the process can be scaled-up and that large volumes of nanoemulsions can be obtained. Next
experiments were performed at 40 mL, as it is expected that the results of the resulting pressure
and droplet size should not be affected significantly by increasing volume.

Figure 3.2: Resulting pressure and droplet size variation with scaling up from 40 mL to 500 mL with
125 mm length and 0.5 μm pore size membrane at 200 mL/min at a composition of 10% EHP and
5% overall surfactant concentration

3.4.1.2 Influence of flowrate

The effect of flowrate was investigated from 10 to 200 mL/min on both nanoemulsion droplet size
and resulting pressure with 125 mm length and 0.5 μm pore size membrane. The pressure profiles
were measured at various flowrates (Figure 3.3). A typical pressure profile was divided into three
parts. The first part corresponded to the pressurization of the fluid inside the high pressure sy-
ringe pump, which led to a dramatic increase in pressure. Then, the pressure remained constant
and this constant value obtained was termed “resulting pressure”, which was recorded for all ex-
periments. Finally, the premix was almost totally injected (some last few mL remained in the high
pressure syringe pump) and a decrease in pressure was observed. The fact that the resulting pres-
sure remained constant during almost all the premix injection proved that no filtration occurred,
no internal and/or external membrane fouling or change in the product nanoemulsion. This was
observed at all flowrates. Indeed, in PME, larger droplets can be retained by the membrane sur-
face if the shear stress through the membrane pores is too low, leading to a filtration phenomenon
[56].
Moreover, the resulting pressure (ΔPr ) is equal to the sum of the flow pressure (ΔP f low ), the dis-
ruption pressure (ΔPdi s) and the pipe pressure (ΔPpi pe )(Equation3.1). The flow pressure is the
pressure necessary to pass through the very small membrane pores. The disruption pressure
(ΔPdi s) is the pressure needed to break the premix emulsion into smaller droplets and therefore
reducing the droplet size [62]. With our experimental set-up, high flowrates up to 200 mL/min
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can be set, so the pressure along the pipes from the high pressure pump to the membrane mod-
ule may not be negligible. This pressure is termed pipe pressure (ΔPpi pe ), and is highly dependent
on fluid viscosity. The resulting pressure is then expressed as:

ΔPr =ΔP f low +ΔPdi s +ΔPpi pe (3.1)

When increasing the flowrate, the resulting pressure increased from 9.06±0.08 bar at 10 mL/min
to 24.7±0.20 bar at 200 mL/min (Figure 3.3) mainly because ΔP f low increased.

Figure 3.3: Pressure profiles at different flowrates with a 125 mm length and 0.5 μm pore size
membrane at a composition of 10% EHP and 5% overall surfactant concentration

The influence of flowrate on droplet size is presented in Figure 3.4. The droplet size decreased with
flowrate while the span was higher (0.48) at the lowest flow rate of 10 mL/min and then stabilized
(around 0.42). The ratio between droplet size and membrane pore size was 1.52 at 10 mL/min and
1.34 at 200 mL/min. Indeed, at higher flowrate the wall shear stress applied to the droplets inside
the membrane porous microstructures is higher, so smaller and more mondisperse droplets are
obtained. Previous studies on preparation of emulsions with droplet size of several microns also
observed a decrease in droplet size when increasing the flowrate (or transmembrane pressure)
[46].

3.4.1.3 Influence of membrane pore size

The influence of pore size on droplets sizes was tested for six membranes with pore sizes ranging
from 0.2 to 0.8 μm with a 125 mm length membrane at 200 mL/min except for smallest size. As
expected, the membrane pore size greatly influenced the droplet size of the nanoemulsions prod-
uct (Figure 3.5). The droplet size decreased linearly with pore size with a ratio between droplet
and pore size equal to 1.26 and a regression coefficient R2=0.99. Therefore, the droplet size can
be controlled by changing the pore size. When preparing emulsions with droplet size of some few
microns, Vladislajevic et al. [46], showed that the ratio between droplet and pore size was in the
range from 1.51 to 0.98 as the mean pore size varied from 5.4 to 20.3 μm. The droplet to pore size
ratio obtained here for nanoemulsions was therefore in the same range as the ones previously ob-
tained for emulsions. However, the mean droplet size was a linear function of the mean pore size,
while a non-linear correlation was obtained at higher pore size. According to the membrane used,
the droplet size of the premix was reduced by a factor from 15 to 58. The span was also reduced
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Figure 3.4: Droplet size as function of flow rate with a 125 mm length and 0.5 μm pore size mem-
brane at a composition of 10% EHP and 5% overall surfactant concentration

from 1.62 to a mean value of 0.49±0.08. Vladisavljević et al. [47] showed that most SPG mem-
branes have a relative span of pore size distribution in the range 0.4 - 0.6. Therefore, the span
of the nanoemulsions obtained by PME was close to the typical spans of the SPG pore size dis-
tribution. A similar observation was reported for emulsions with droplet size of several microns
obtained by DME [47].
For membranes with pore size larger than 0.3 μm, nanoemulsions were prepared at 200 ml/min.
For the 0.2 μm and 0.3 μm membranes, the flowrate was set at 5 ml/min and 100 ml/min respec-
tively, to maintain the resulting pressure below 60 bar. As it can be seen on Figure 3.5, the resulting
pressure increased with a decrease in membrane pore size due to the increase in ΔP f low . More-
over, at smaller pore size, the disruption had to be more intense to create smaller droplets so ΔPdi s

increased as well. As a result, the resulting pressure increased drastically with a decrease in mem-
brane pore size. It was then impossible to prepare nanoemulsions through a 0.1 μm pore size
membrane for this nanoemulsion composition.

3.4.1.4 Influence of membrane length

Usually in PME, SPG membranes with length of 20 mm have been used in a microkit module
[90, 61]. Here, for all our experiments, a 125 mm length membrane was used, in addition with a
20 mm membrane to investigate the effect of membrane length both were 0.5 μm pore size mem-
brane investigated at different flowrates. The longest membrane required lower pressure but led
to larger droplet size than the short membrane (Figure 3.6). Indeed, the droplet size decreased
with an increase in pressure, independently of the membrane length. Nearly the same droplet size
and resulting pressure were observed at 10 mL/min with the short membrane and 100 mL/min
with the longest membrane. Indeed, in these two experiments, the transmembrane flux was al-
most identical. Thus, the wall shear stress in pores which governs droplets disruption was the
same. In addition, ΔPdi s and ΔPpi pe did not change while changing membrane length. The 125
mm membrane was then used at a flowrate 10 times the one of the 20 mm membrane with no
change in resulting pressure and droplet size.
Regarding droplet size, the shortest membrane led to smaller droplets. The droplet to pore size
ratio even reached 1.05 at 200 mL/min for the short membrane. This means that nearly half of the
droplet size distribution was below the pore size. This is explained by a phenomenon occurring at
high shear stress induced by high flowrate within the pores called "snap-off" due to localized shear
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Figure 3.5: Droplet size distribution of the premix and nanoemulsions obtained at different pore
sizes (at 200 mL/min, except for 0.3 μm pore size membrane at 100 mL/min and 0.2 μm pore size
membrane at 5mL/min) and resulting pressure except for 0.2 μm and 0.3 μm pore size membrane
as flowrate was changed, at a composition of 10% EHP and 5% overall surfactant concentration

forces [88] which explains the creation of droplets smaller than the pore size. This phenomenon
was only observed with the 20 mm membrane, because the transmembrane flux was then 10 times
the one of 125 mm membrane. In this case, the premix droplets underwent a more intense snap-
off whereas with the 125 mm membrane, droplet break-up mechanisms due to interfacial tension
and steric hindrance between droplets were predominant.

3.4.1.5 Effect of cycle number

The effect of cycle number was investigated with 125 mm length and 0.5 μm pore size membrane
at 200 mL/min (Figure 3.7). After one cycle, the droplet size of the premix was reduced by a ratio
of 22, 1.06 from the first to the second cycle, 1.03 from the second to the third cycle and 1.01
for all following cycles. The span of the premix equal to 1.89 decreased after one cycle to 0.43
(in the range of the span of the SPG pore size distribution) and was almost constant during the
following cycles. Therefore, one cycle was sufficient to obtain nanoemulsions with droplet size
around 630 nm. The following cycles did not significantly disrupt further the droplets. Previous
studies on PME with SPG membranes have investigated the effect of cycle number for emulsions
with droplets of several microns [62, 90, 100]. The cycle number required to reach a constant
droplet size and span depended on a number of parameters such as membrane pore size, viscosity
of the emulsions and pressure applied. Generally, more than three cycles were needed. In our
study, only one cycle was sufficient to produce droplets with small size and span. This may due to
the highest pressure applied which means higher shear stress and more effective disruption.
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Figure 3.6: Droplet size as a function of resulting pressure for different membrane length and dif-
ferent flowrates with a 0.5 μm pore size membrane at a composition of 10% EHP and 5% overall
surfactant concentration

The resulting pressure shows the same trend: during the first cycle, it stabilized at 26.7 bar, at
10.2 bar during the second cycle and remained constant at 8.45±0.4 bar for all following cycles.
The constant pressure obtained after the second cycle can be explained by the fact that no more
droplet disruption occurred in the membrane pores, which means that ΔPdi s=0 and therefore
ΔPr = ΔP f low +ΔPpi pe was constant. The effect of cycle number has been investigated previously
with polymeric membranes for the preparation of nanoemulsions [8]. Polymeric membranes are
very common in size reduction of liposomes with a technique called filter extrusion [118, 119],
so their applications to the production of nanoemulsions is particularly attractive. In PME with
polymeric membranes, several cycles were required to reach constant droplet size and disper-
sity. For polycarbonate membranes, about 10 cycles, depending on the flowrate, were needed and
usually 21 extrusion cycles were performed with most polymeric membranes [110]. Our study
confirms that SPG membranes decrease the cycle number needed compared to most polymeric
membranes as previously reported [92]. This may be attributed to the higher tortuous pore struc-
ture and thickness of SPG membranes.

3.4.2 Composition parameters

All experiments in this section were performed with 125 mm length and 0.5 μm pore size mem-
brane. The premix was obtained by the same procedure for all experiments as described in Mate-
rials and Methods. The droplet size distribution of the premixes were similar for all experiments
and are presented in section 3.1.3 and 3.1.5.

3.4.2.1 Effect of oil concentration and viscosity

The effect of the dispersed phase concentration has been investigated at 6 concentrations from
1% to 40% and a flow rate of 150 mL/min. Flowrate of 200 mL/min could not be used at 40%
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Figure 3.7: Droplet size and pressure variation with cycle number with 125 mm length and 0.5
μm pore size membrane at 200 mL/min at a composition of 10% EHP and 5% overall surfactant
concentration

of oil because the premix could not pass through the membrane at a pressure below 60 bar, so
for all concentrations, the flow rate was set to 150 mL/min. In addition, for all preparations, the
surfactant concentration to oil concentration ratio was 0.5 in order to have the same stabiliza-
tion conditions. The effect on droplet size and resulting pressure is presented in Figure 3.8. The
resulting pressure increased proportionally to the oil concentration with a regression coefficient
R2= 0.96. On the other hand, the viscosity of the nanoemulsions also increased with oil content
but at a much higher rate (Figure 3.9). The increase in pressure was multiplied by around 2 to
from 20 % to 40 % , while the increase in dynamic viscosity was multiplied by around 4. Indeed,
an increase in oil content led to an increase in ΔPdi s as a result of the larger volume of droplets to
be disrupted. Also, ΔP f low and ΔPpi pe increased due to the higher viscosity of the nanoemulsion.
Both phenomenon led to an overall increase of ΔPr . However, the viscosity may have less impact
than oil concentration as ΔPr increased linearly with oil percentage and not exponentially like the
viscosity.
In addition, droplet size were expected to remain constant as surfactant to oil ratio has been kept
constant, but surprisingly droplet size decreased proportionally to the oil content. This can be ex-
plained as the overall concentration of surfactant increased with oil concentration even if the ratio
was maintained constant. Break-up due to interfacial tension effects [88] might be more effective
and so led to smaller droplets. It can be also explained as the increase of viscosity of emulsion in-
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creases with increasing oil content, leading to increased shear stress inside the membrane pores
and smaller droplet size[62]. Disruption at 40% oil concentration was very effective and resulted
in droplet with droplet size around 502 nm close to membrane pore size.

Figure 3.8: Droplet size and pressure variation as a function of oil weight percentage in the formu-
lation with 125 mm length and 0.5 μm pore size membrane at 150 mL/min

Figure 3.9: Dynamic viscosity variation as a function of oil weight percentage in the formulation

3.4.2.2 Effect of surfactant concentration

The effect of surfactant concentration has been tested from 2.5 % to 20 % maintaining EHP con-
centration at 10% and at 200 mL/min (Figure 3.10). Droplet size decreased with surfactant con-
centration, from 677 nm to 570 nm, respectively at 2.5 % and 20 %. The decrease in droplet size
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can be explained by the fact that surfactant concentration governs two phenomena, first, the in-
terfacial tension that induces break-up due to Rayleigh and Laplace instabilities [88] and secondly
the adsorption kinetic of the surfactant at the interface [79]. Kinetic of adsorption of the surfactant
at the newly created interfaces depends on the local concentration of surfactant in both phases.
At high surfactant concentrations, the resulting droplets are stabilized faster than at low concen-
trations, so there is not sufficient time for droplet coalescence to occur and the resulting droplet
size is smaller.
The resulting pressure decreased when increasing the surfactant concentration from 33.1 bar to
17.7 bar, respectively at 2.5 % and 20 % of total surfactant. However, dynamic viscosity of the pre-
mix emulsion increased significantly when increasing surfactant concentration as Tween 20 and
Span 80 are viscous liquids. Similarly to the previous section, viscosity may not be a major param-
eter that can explain the ΔPdi s variation. Indeed, ΔPdi s decreased because disruption required
less energy when more surfactants are used in the formulation. However, the pressure stabilized at
about 15 bar at higher surfactant concentration. At the highest pressure of 33.1 bar, the 2.5 % sur-
factant concentration did not lead to smallest droplets compared to what was observed previously
where the highest resulting pressure gave the smaller droplet size. This confirms that interfacial
tension at equilibrium and dynamic interfacial tension are key factors that govern the resulting
pressure and droplet size in PME for nanoemulsions production. This was already pointed out for
the preparation of emulsions by PME [90, 100].

Figure 3.10: Evolution of droplet size and resulting pressure with total surfactant concentration
with 125 mm length and 0.5 μm pore size membrane at 200 mL/min at 10% EHP concentration

3.4.3 Stability

All nanoemulsions have been tested in stability at room temperature by measuring the droplet
size distribution versus time by DLS and LD. Depending on droplet sizes, dispersions suffered
reversible process of creaming, at different kinetics due to the difference in density between the
dispersed and the continuous phases. However none of them showed irreversible coalescence
leading to significant increase in droplets sizes within 9 months. On Figure 3.11, size distributions
of nanoemulsion obtained with a 125 mm length and 0.2 μm pore size membrane at 5 mL/min are
presented as an example of all stability results obtained. It was observed that DLS measurements
obtained with the distribution method and LD measurements did not give exactly the same size
distribution and mean droplet size (Figure 3.11). The average size are not expressed by the same
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parameters: Z-average measured by cumulant method by DLS and D50 by LD, derived from size
distribution in intensity and volume respectively. The measurements are also based on different
principles. Nevertheless, both methods suggest no significant increase in droplet size within 9
months at room temperature. This means that no irreversible phenomenon such as coalescence
or Ostwald ripening occurred. Nanoemulsions formed were very stable because the amount of
surfactant was sufficient for long term stability. Moreover, the energy input in PME was not suffi-
cient enough to create new interfaces that are not well stabilized by surfactant. In addition, PME
creates nanoemulsions with low polydispersity which are less sensitive to Ostwald ripening. This
long term stability is sufficient for applications in cosmetics or pharmaceutics.

Figure 3.11: Example of nanoemulsion stability observed at 9 months for nanoemulsion obtained
with a 125 mm length and 0.2 μm pore size membrane at 5 mL/min

3.5 Conclusion

In this study, O/W nanoemulsions were prepared successfully by PME and SPG membranes at
high flowrate. For that, a controlled set-up was developed including a high pressure syringe pump
with data acquisition. Maximum values were respectively for the pressure, volume of premix
treated and flowrate: 60 bar, 500 mL and 200 mL/min, except for the membranes with the smaller
pores which were used at lower flowrates (respectively 10 mL/min and 5 mL/min with the 0.3 μm
and 0.2 μm membrane) to keep the pressure below 60 bar. The effect of several parameters was
investigated, related to the process: volume of premix, membrane pore size, flowrate, cycle num-
ber and formulation: oil and surfactant concentrations. The process was shown to be scalable up
to 500 mL. Indeed, 500 mL of nanoemulsions produced had the same droplet size as 40 mL. In
addition, the pressure was constant during injection of 500 mL which suggested no membrane
filtration, no membrane fouling or change in the nanoemulsion obtained.
The resulting pressure was found to be a key parameter which governed the production of na-
noemulsions by PME. First, it has to be minimized so the premix can pass through the membrane
pores at moderate pressure. Then, pressure controlled transmembrane flux and therefore wall
shear stress inside the micropores which allowed droplet disruption. In general, nanoemulsions
with smaller droplets were obtained at higher pressures. The resulting pressure was the sum of
ΔP f low , ΔPdi s and ΔPpi pe . For each parameter investigated, the relative influence of these three
terms was discussed.
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In addition, the droplet size of the nanoemulsion product was highly dependent on other process
parameters or formulation. In particular, a linear relationship was found between droplet size and
pore size which suggests that the droplet size can be easily tuned. Parameters which influence the
emulsion characteristics at micro-scale are also important at nano-scale. However, the formula-
tion characteristics such as oil or surfactant concentrations appeared to have a greater effect than
expected. As the oil/water interface increased with a decrease in droplet size, the effect of oil and
surfactant concentration seems more important at nano-scale.
In conclusion, this study showed that PME with SPG membranes produced monodisperse na-
noemulsions down to 260 nm with controlled size and very long stability over time. The na-
noemulsions were produced in only one cycle at moderate pressure, which can be appropriate
for encapsulation of sensitive actives. The technique is expected to be scalable to larger volumes
and used as a continuous process with two high pressure syringe pumps in parallel.

Acknowledgment

This work was supported by PeptiCaps project. This project has received funding from the Euro-
pean Union’s Horizon 2020 Research and Innovation program under Grant Agreement no686141.

89



CHAPTER 3. PREPARATION OF OIL-IN-WATER NANOEMULSIONS AT LARGE-SCALE
USING PREMIX MEMBRANE EMULSIFICATION AND SHIRASU POROUS GLASS (SPG)
MEMBRANES

90



Chapter 4

Influence of viscosity for oil-in-water and
water-in-oil nanoemulsions production
by SPG premix membrane emulsification

Contents
3.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

3.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

3.3 Materials and methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

3.3.1 Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

3.3.2 Experimental set-up . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

3.3.3 Membranes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

3.3.4 Formulation of nanoemulsions . . . . . . . . . . . . . . . . . . . . . . 78

3.3.5 Preparation of nanoemulsions . . . . . . . . . . . . . . . . . . . . . . 78

3.3.6 Membrane cleaning . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

3.3.7 Particle size distribution measurements . . . . . . . . . . . . . . . . 79

3.3.8 Viscosity measurement . . . . . . . . . . . . . . . . . . . . . . . . . . 79

3.4 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

3.4.1 Process parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

3.4.2 Composition parameters . . . . . . . . . . . . . . . . . . . . . . . . . 84

3.4.3 Stability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

3.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

91



CHAPTER 4. INFLUENCE OF VISCOSITY FOR OIL-IN-WATER AND WATER-IN-OIL
NANOEMULSIONS PRODUCTION BY SPG PREMIX MEMBRANE EMULSIFICATION

Preamble

PeptiCaps European project also required the production of W/O nanoemulsions with a mem-
brane process at pilot scale. As seen on section 3.4.2.1, the preparation of viscous O/W emulsions
was already a challenge because of a drastic increase of pressure with viscosity increase.
This can explain why, in the literature, as seen on section 1.2.4, only a few authors reported the
production of W/O emulsions with PME and none of them reported the production of nanoemul-
sions.
Moreover, to our knowledge, the influence of dispersed phase viscosity, has never been investi-
gated in the literature.

In this study, the first aim was to produce W/O nanoemulsions with the set-up developed and
presented in Chapter 2. However, the characterization of W/O nanoemulsions being a challenge,
it was easier to investigate the viscosity parameters on O/W nanoemulsions production with PME
than with W/O nanoemulsions. So, we first investigated the parameters of interest, the continous
and dispersed phase viscosities, the dispersed phase content for O/W nanoemulsion and then
ensured that the same effect were observed with W/O nanoemulsions.

Moreover, in this study, the resulting pressure measured was analyzed in details. The resulting
pressure was the sum of three different pressures:

• The pressure generated by the flow through the pipe, ΔPpi pe

• The pressure generated by the flow through the membrane, ΔP f low

• The pressure required to break up the droplets inside the membrane pores, ΔPdi s

With this approach, it was expected to gain a better understanding on parameters influence on
resulting pressure.
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Influence of viscosity for oil-in-water and
water-in-oil nanoemulsions production by
SPG premix membrane emulsification

O. Alliod, L. Messager, H. Fessi, D. Dupin, C. Charcosset

Chemical Engineering Research and Design (submitted, 2018)

4.1 Abstract

Oil-in-water and water-in-oil nanoemulsions are interesting carriers for respectively oil soluble
and water soluble actives. In this study, oil-in-water (O/W) and water-in-oil (W/O) nanoemul-
sions were prepared by premix membrane emulsification. A coarse emulsion (premix) was in-
jected thanks to a high pressure pump through a Shirasu Porous Glass (SPG) membrane with pore
size of 0.5 μm in order to reduce and homogenize the droplet size. The effect of viscosities on the
pressure and droplet size was investigated: the water phase viscosity by increasing glycerol con-
centration, the oil phase viscosity with mineral oils of different viscosities and the overall emul-
sion viscosity by increasing the dispersed phase content of the emulsion. The pressure required
to break up the droplets inside the membrane pores ΔPdi s did not depend on viscosities, while
the pressures generated by the flows through the pipe ΔPpi pe and the membrane ΔP f low were
proportional to the viscosity of the overall emulsion. W/O nanoemulsions were more difficult
to produce and to characterize but thanks to the original set-up working at pressures up to 65
bar and high flowrates, W/O mineral oil nanoemulsions were produced with mean droplets size
around 600 nm and flow rate of 50 mL/min.

4.2 Introduction

Nanoemulsions, defined by their droplet size which has to be within the submicron range, show
improved stability and delivery properties [3, 120, 121, 44]. They can be oil-in-water emulsions
(O/W) with the oil phase dispersed into the water continuous phase, or water-in-oil emulsions
(W/O) when the aqueous phase is dispersed into the oily continuous phase. W/O nanoemulsions
can also be incorporated into a second water phase to create double water-in-oil-in-water emul-
sions (W/O/W) which have several applications in cosmetics or pharmaceutics [122].
W/O and O/W nanoemulsions can be produced by different techniques [123]. For exemple, son-
ication and high pressure homogenization (HPH), are suitable for different types of formulations
as intensive disruptive forces breakup the oil and water phases creating droplets [44]. However,
sonication is not scalable and usually broad droplets size distributions are obtained, and HPH
requires several cycles in order to obtain monodispersed droplets.
Membrane emulsification is a more recent process, that also uses mechanical forces but with less
energy which give significant advantages over other processes [64, 114]. Membrane emulsifica-
tion can be performed either by direct (DME) or premix emulsification (PME),that has several
adavantages for the production of nanoemulsions such as higher flowrates [124]. In PME, a coarse
emulsion is pushed through the membrane pores, reducing the droplet size and size distribution.
However, the production of nanoemulsions by membrane emulsification is challenging even with
PME [56].
Bunjes et al. prepared nanoemulsions by PME with droplet size lower or around 200 nm with
narrow size distribution with polymeric membranes and SPG membranes for volumes up to 10

93



CHAPTER 4. INFLUENCE OF VISCOSITY FOR OIL-IN-WATER AND WATER-IN-OIL
NANOEMULSIONS PRODUCTION BY SPG PREMIX MEMBRANE EMULSIFICATION

mL. [92, 110, 94]. In a previous work, we reported the production of O/W nanoemulsions by PME
and SPG membranes at high flowrate and relatively large volumes up to 500 mL [124].

In both DME and PME, the viscosities of the continuous and dispersed phase are important pa-
rameters, although their effect has been investigated by few authors. For example, Vladisavljević
et al. studied the viscosity in PME by increasing the dispersed phase content which increased
the overall emulsion viscosity [62] or the continuous phase viscosity [90]. Both studies were per-
formed at constant pressure and showed that an increase in viscosity led to a decrease in trans-
membrane flux and to smaller oil droplets due to increase of wall shear stress inside the mem-
brane pores.

Also, in DME, only few studies reported the production of W/O emulsions, mainly micron size
emulsions with kerosene as the continuous phase with different types of membranes or surface
modifications [125, 126, 127] or with toluene [128]. A study reported the production of W/O emul-
sions suitable for cosmetics or dermatological applications with mineral oil as the continuous
phase [129]. For double emulsion production, the first W/O emulsions has always been obtained
by a high energy process [62, 56, 6]. To our knowledge, only a few studies reported the production
of W/O emulsion by PME. It can be explained by the fact that viscous emulsions generate high
pressure through the membrane pores [124]. Zhou et al. [61, 60, 106] produced W/O emulsions of
minimum 5 μm droplet size with low viscous oil between at higher temperature in order to lower
the viscosity. Also, Liu et al. [106] performed PME with a premix of median size smaller than the
pore size with the only purpose to homogenize the sample. This can explain why the required
pressure for W/O PME was achievable.

In the present study, O/W and W/O nanoemulsions were produced by PME with a high pres-
sure pump that pushed the premix through the SPG membrane. The resulting pressure ΔPr was
equal to the sum of the flow pressure ΔP f low , the disruption pressure ΔPdi s and the pipe pressure
ΔPpi pe :

ΔPr =ΔP f low +ΔPdi s +ΔPpi pe (4.1)

The flow pressure was the pressure necessary to pass the premix emulsion through the very small
membrane pores. The disruption pressure (ΔPdi s) was the pressure required to break the premix
emulsion into smaller droplets and therefore reducing the droplet size [62]. Moreover, the pres-
sure along the pipe from the high pressure pump to the membrane module was dependent on
fluid viscosity and therefore had to be taken into account. This pressure was termed pipe pres-
sure ΔPpi pe and was measured without the membrane. ΔP f low and ΔPdi s are pressures generated
by the fluid circulating through the membrane ΔPmembr ane :

ΔPmembr ane =ΔP f low +ΔPdi s (4.2)

In this study, we investigated the effect of viscosity of the dispersed, continuous phase and over-
all emulsion, on the production of W/O and O/W nanoemulsions by PME. The final aim is to
optimize the preparation of W/O nanoemulsions, which is challenging due to high viscosities in-
volved. For that, O/W and W/O premixes with different viscosities were produced. The influence
of viscosity was investigated by modifying the continuous phase viscosity, the dispersed phase
viscosity, and the dispersed phase content, whith all phases and final products being Newtonian
fluids. The water phase viscosity was modified by adding glycerol and the oil phase viscosity was
modified by using different mineral oils with similar interfacial tension with water. The premixes
were pushed through the membrane pores using a high pressure pump in the set-up developed
previously for O/W nanoemulsions production [124]. The influence of the formulation on the re-
sulting pressure and on ΔP f low , ΔPdi s and ΔPpi pe was investigated. The nanoemulsions obtained
were characterized by their mean droplet size and/or size distribution.
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4.3 Materials and methods

4.3.1 Materials

Ultrapure water was obtained using a Synergy unit system (Millipore, France). Mineral oil of dif-
ferent viscosities were given by different suppliers: White Mineral Oil (WMO) from Fisher (USA)
η=44 mPa.s (at 25oC), Marcol 52 and Marcol 82 from Exxon mobil (France) respectively η=14.1
mPa.s and η=24.1 mPa.s (at 25oC). Other products were glycerol from Roth (Germany), Tween 20
and Span 80 from Sigma Aldrich (France) and Derquim+ from Derquim (Spain).

4.3.2 Experimental set-up

The experimental set-up used for the preparation of nanoemulsions by PME is shown in Figure
4.1 and described in a previous work [124]. The set-up was composed of a high pressure benchtop
single cylinder pump BTSP 500-5 (Floxlab, Nanterre, France) and a membrane module from SPG
Technology Co. Ltd (Miyazaki, Japan)

Figure 4.1: Experimental set-up of the high syringe pump with membrane holder and SPG mem-
brane

For each premixes, the set-up resistance to the flow without the membrane module was tested at
different flowrates between 10 and 200 mL/min and the resulting pressure, ΔPpi pe , was measured.

4.3.3 Membranes

Hydrophilic and hydrophobic SPG membranes were provided by SPG Technology Co. Ltd (Miyazaki,
Japan). Hydrophillic SPG membranes were used for O/W nanoemulsion production and hy-
drophobic for W/O nanoemulsions. Both membranes are first produced the same way, hydropho-
bic membranes are then obtained thanks to a special coating made by the supplier. The mem-
branes are tubular with an inner diameter of 8.5 mm, thickness of 0.8 mm and length of 125 mm.
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Table 4.1: Composition and dynamic viscosities of oils used to study the influence of dispersed
phase viscosity

In all experiments, the membrane length was 125 mm and the mean pore size 0.5 μm. The mem-
branes were able to resist to transmembrane pressure up to 65 bar.
The cross-flow tubular module was adapted to be used in PME. The effective length of the mem-
branes was reduced due to sealing rings placed at both ends of the membrane tube. Therefore,
the effective length was 115 mm and the effective membrane area was 30.70 cm2.

4.3.4 Formulation of nanoemulsions

Oil phases compositions studied and viscosities measured with the method detailed in the follow-
ing viscosity measurement part, are described in Table 4.1.
For O/W nanoemulsions, ultrapure water with or without glycerol was used as the continuous
phase and mineral oils as the dispersed phase. The required HLB (RHLB) of mineral oils were all
the same and given by the supplier as RHLB=10. The surfactant system chosen to stabilize the
nanoemulsions was Tween 20, HLB= 16.7, as the hydrophilic surfactant and Span 80, HLB= 4.3,
as the hydrophobic surfactant. In most experiments, the composition (in weight percentage of
the total emulsion) was for the continuous phase, 2.3 % Tween 20 and 85 % water, and for the
dispersed phase 2.7 % Span 80 and 10 % oil. The overall surfactant concentration was then 5 %.
The surfactants and high concentrations were chosen to ensure that the newly formed droplets
were immediately covered with surfactants, hence preventing the increase in droplet size.
Three oils with different viscosities were investigated, WMO, Marcol 82 and Marcol 52 and a mix-
ture of WMO and Marcol 82 (Table 4.1 ). The influence of oil concentration was investigated at
5, 10, 20, 25 and 30 % for Marcol 82. The surfactant concentration to oil concentration ratio was
kept constant at 0.5, so the total surfactant concentration in the formulation was respectively 2.5,
5, 10, 12.5 and 15 %. In addition, the influence of glycerol concentration was investigated at 10,
25, 50 and 62.5 % of the aqueous phase completed with water up to 85% of the total formulation.
For W/O nanoemulsions, mineral oils as supplied or mixtures of mineral oils were used as the
continuous phase and ultrapure water with or without glycerol as the dispersed phase. RHLB of
mineral oils were all the same and given by the supplier as RHLB=5. In most experiments, the
composition (in weight percentage of the total emulsion) was for the continuous phase, 0.28 %
Tween 20 and 85 % oil, and for the dispersed phase 4.72 % Span 80 and 10 % water. The overall
surfactant concentration was then 5 %. The oil phases investigated were pure WMO, Marcol 82 or
Marcol 52 or a mixture of WMO and Marcol 82 (Table 4.1).
The influence of water concentration was investigated at 1, 5, 10 and 15 %. The surfactant con-
centration to oil concentration ratio was kept constant at 0.5, so the total surfactant concentration
in the formulation was respectively 0.5, 2.5, 5 and 7.5 %. In addition, the influence of glycerol con-
centration was investigated at 25, 50, 75 and 100 % of the aqueous phase completed with water
up to 10% of the total formulation.

4.3.5 Preparation of nanoemulsions

Both phases were first prepared separately. For O/W nanoemulsions, the continuous phase was
obtained by dissolution of Tween 20 in water or water with glycerol under magnetic stirring at
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600 rpm and the dispersed phase by dissolution of Span 80 in the oil using the same procedure.
For W/O nanoemulsions, the continuous phase was the oil mixed with Span 80 and the dispersed
phase Tween 20 in water or water and glycerol.

In both cases, the two phases were then mixed with magnetic stirrer for 10 min to produce the
premix. This premix was then placed in the feed tank and pumped in the syringe pump. First 20
mL premix was injected in order to remove air from the experimental set-up and fill it with premix.
The experiment was then carried out with a volume of injection of 40 mL to minimize time and
material consumption. The nanoemulsion produced flew from the membrane tube under gravity
and was collected in a beaker placed beneath the module. All experiments were performed at
room temperature and for each conditions five different flow rates were investigated depending
of composition between 10 and 100 mL/min.

4.3.6 Membrane cleaning

For O/W nanoemulsions, before each use, the membrane was carefully cleaned until recovery
of its hydrodynamic resistance to water (Rm). For hydrodynamic resistance measurements, water
was permeated through the membrane at different flowrates between 10 and 200 mL/min and the
resulting pressure was measured. Rm was estimated from the slop of the ultrapure water flowrate
versus resulting pressure [47]. The cleaning procedure consisted in three injections through the
membrane of 500 mL of a 1 % Derquim + solution [57] at 70oC at 200 mL/min and then three in-
jections of 500 mL of pure water at room temperature and 200 mL/min. The membrane resistance
to water was recovered after this treatment.

For W/O nanoemulsions, membrane was carefully cleaned with Span 80 in Marcol 82 until a clear
solution was recovered and pressure stabilized. Filling the membrane with oil allows a better flow
of the emulsion through the membrane [129].

4.3.7 Particle size distribution measurements by laser diffraction

The droplet size of emulsions were measured by Laser Diffraction (LD) particle size analysis with a
Mastersizer 3000 (Malvern Instruments, France). The technique is based on measurement of the
intensity of light scattered as a laser beam passes through a dispersed particulate sample. The Mie
scattering theory was used, with a refractive index and an absorption index set at 1.47 and 0.005
for the oil phase, respectively and 1.33 and 0.005 for the water phase. For O/W nanoemulsions,
the continuous phase was ultrapure water and for O/W, Marcol 82. Before measuring the droplet
size of W/O nanoemulsions the instrument, including injection line and measurement cell, was
emptied, cleaned with surfactant, filled with ethanol, dried and fill with oil. The same procedure
was used to clean the apparatus after measurement.

The results were expressed by D50 the mean droplet diameter for which 50 % of droplets in vol-
ume are below this size, similarly 90 % lie below D90 and 10 % below D10. D90 and D10 giving
information about the sample dispersity. The closest they are to the D50 the more monodisperse
the distribution is.

All measurements were done in triplicate, the values reported were the average of the three mea-
surements.

4.3.8 Viscosity measurements

For the investigation of the effect of oil concentration, the dynamic viscosity of the emulsions,
continuous phase and dispersed phase were measured. The measurements were realized using a
rheometer MCR 302 equipped with the CP50 module and the software Rheocompass (Anton Paar,
France) at 25oC. Viscosity was measured with a shear rate from 0 to 100 s-1.
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4.4 Results and discussion

In this section, we first measured the pressure generated through the pipe connecting the pump
to the membrane module. This pressure is then substrated to the resulting pressure measured
during the preparation of nanoemulsions to obtain the membrane pressure. Then, results ob-
tained for O/W and W/O nanoemulsions are presented including the effect of continuous phase
viscosity, dispersed phase viscosity and dispersed phase content, which determines the viscosity
of the overall emulsion, on membrane pressure and droplet size. Also, for both O/W and W/O
nanoemulsions, the disruption pressure and flow pressure were determined from the influence of
the cycle number on the membrane pressure.

4.4.1 Influence of viscosity on ΔPpi pe

The pressure generated by the pump through the pipe connecting the pump to the membrane
module was measured for different premixes at flowrates from 10 to 100 mL/min. For that, the
premix was injected through the pipe without the membrane module being connected. The re-
sulting pressure measured was then equal to ΔPpi pe . All premixes tested were Newtonian and the
flows through the pipe were laminar. The hydraulic resistances measured were specific to pipe
used (length, diameter, elbows).
Figure 4.2 shows the pressure variation with flowrate for different O/W premixes. Two types of
premixes were prepared: premixes with water as the continuous phase (without glycerol) and
different Marcol 82 content (from 10 to 30%) and premixes with 10% Marcol 82 and different con-
tents of glycerol in the water phase (10 to 62.5% glycerol). ΔPpi pe was found proportional to the
flowrate, as predicted by the Poiseuille equation, with the hydraulic resistance dependent on the
premix composition. Figure 4.3 shows the variation of the hydraulic resistance through the pipe
versus the premix viscosity. As expected from Poiseuille’s law, the hydraulic resistance was propor-
tional to the premix viscosity. Figure 4.3 also includes hydraulic resistances obtained with W/O
premixes in a similar way as O/W premixes.
For O/W premixes, the pressure generated through the pipe was in the range 0-3 bar, except for
the higher content of glycerol (up to 6 bar). For W/O premixes, higher values were obtained, from
2 to 18.6 bar. In the following parts, to obtain the pressure generated through the membrane
ΔPmembr ane during the preparation of nanoemulsions, ΔPpi pe was subtracted from the resulting
pressure ΔPr .

4.4.2 O/W nanoemulsions

In this section, we prepared O/W nanoemulsions with different compositions as described in Ma-
terials and Methods. The influence of the continuous phase viscosity, dispersed phase viscosity as
well as the dispersed phase content on the droplet size and membrane pressure was investigated.
Also, ΔPdi s and ΔP f low were determined from the effect of the cycle number on the membrane
pressure.

4.4.2.1 Influence of the continuous phase viscosity

The effect of the continuous phase viscosity was investigated at four different glycerol concen-
trations in the continuous water phase, 10, 25, 50, 62,5 %, corresponding respectively to aqueous
phase viscosities of 1.14, 1.79, 5.00 and 10.5 mPa.s. It was observed that at higher glycerol con-
centrations, the emulsion was non-Newtonian. The oil type, oil concentration and surfactant
concentration were the same: 10% Marcol 82 and 5% total surfactant concentration. Figure 4.4
shows the membrane pressures measured at various flowrates.
The continuous phase viscosity had no influence on the membrane pressure at low flowrates (be-
low 50 mL/min), and at higher flowrates and low continuous phase viscosity (below 1.79 mPa.s).
In these conditions, the flow pressure was relatively low so the membrane pressure was mainly
attributed to the disruption pressure. At higher flowrates and continuous phase viscosities, the
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Figure 4.2: Resulting pressure,ΔPpi pe , without membrane module for different O/W emulsions at
flowrate from 10 to 100 mL/min

Figure 4.3: Slope of the resulting pressure, ΔPpi pe with flow rate as a function of viscosity for O/W
and W/O emulsions of different composition

membrane pressure increased when increasing the continuous phase viscosity. At 100 mL/min,
the membrane pressure was 20.6 bar for a continuous phase viscosity of 10.5 mPa.s and around
two times less 11.2 bar at 1.14 and 1.79 mPa.s. Indeed, the flow pressure ΔP f low is proportional
to viscosity [62]. At higher viscosity of the continuous phase, the flow pressure was then much
higher and might be in the same range as the disruption pressure.
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Figure 4.4: Membrane pressure variation with flowrate from 10 to 100 mL/min at four different
concentrations in glycerol in the water phase and at 10 % of Marcol 82 and 5% surfactant

The influence of the continuous phase viscosity on the droplet size is presented in Figure 4.5. The
mean droplet size decreased when increasing the viscosity of the continuous phase, as the shear
stress within the pores increased, leading to a more significant size reduction [90]. At high vis-
cosities, the shear stress obtained was very high, and very small droplets were obtained with D50

equal to 293 nm, which was 59% smaller than the membrane pore size. Figure 4.5 also shows that
the viscosity of the overall emulsion increased proportionally to the continuous phase viscosity.
It remains unclear whether the viscosity of the continuous phase, or the viscosity of the overall
emulsion or both influence the membrane pressure and droplet size. This will be discussed in a
following section.

4.4.2.2 Influence of the dispersed phase viscosity

The influence of the dispersed phase viscosity on the membrane pressure and droplet size was
investigated with four different oils: three mineral oils from different supppliers used as received:
WMO, Marcol 82 and Marcol 52 and a mix of 50%/50% WMO and Marcol 82 (Table 4.1). The oil
concentration and surfactant concentration were kept constant at 10% and 5%, respectively. The
viscosities of the four emulsions were the same (4.3 mPa.s).
For the different oils, the membrane pressure and droplet size as a function of flowrate are pre-
sented in Figure 4.6. The membrane pressure did not change with the dispersed phase viscosity
at low flowrates. However, at higher flowrates, from 75 mL/min, the membrane pressures were
slightly higher for the more viscous oils. The difference between the less viscous oil Marcol 52 (η
= 9.87 mPa.s ) and the more viscous WMO (η = 44.1 mPa.s ) which is more than four times more
viscous, was of ΔPr WMO - ΔPr M52 = 20.5-18.6= 1.9 bar. This effect might be more important at
higher flowrate or higher oil content.
The similar viscosities of the overall emulsions cannot be the reason of the increase in membrane
pressure for the more viscous oils. This effect may be explained by the critical capillary num-
ber for breaking a drop in a T-junction (which is a simple model of a membrane pore) which
is proportional to a dimensionless constant α, function of the viscosity difference between the
dispersed and continuous phases and the geometry of the channel [89]). As the oil viscosity in-
creased, the viscosity difference between the two phases increased and so the capillary number.
Droplet break-up became more difficult so the pressure needed for oil droplets disruption in the
membrane pores ΔPdi s became higher.
Moreover, the droplet size distribution did not change with the dispersed phase viscosity (Figure
4.6) at these experimental conditions. Figure 4.6 also shows a slight decrease in droplet size versus
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Figure 4.5: Droplet size and viscosity of the emulsion versus the viscosity of the continuous phase
at 10 % of Marcol 82 and 5% surfactant and a flowrate of 100 mL/min

flowrate, as observed in our previous study with 10% ethylhexyl palmitate (EHP) as the dispersed
phase and 5% total surfactant concentration [124].

Figure 4.6: Membrane pressure and droplet size at different flowrates with different oils or oil mix
at 10% and 5% overall surfactant concentration
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4.4.2.3 Influence of the dispersed phase content

The influence of the dispersed phase content on the membrane pressure and droplet size was in-
vestigated at four Marcol 82 concentrations 10, 20, 25 and 30% at 100 mL/min. Higher oil concen-
trations were not tested because of the non-Newtonian behavior of the emulsions. The viscosity
of the overall emulsions increased with the amount of oil, 4.3, 7.05, 10.85 and 17.85 mPa.s for the
10, 20, 25, 30% oil concentrations, respectively.
As explained in Materials and Methods, the surfactant concentration based on the amount of oil
was kept constant, corresponding to 2.3, 4.6, 5.75, and 6.9% Tween 20 in the continuous water
phase, and 5, 10, 12.5, and 15 % total surfactant, for Marcol 82 concentrations of 10, 20, 25, 30%,
respectively. Therefore, the continuous phases prepared at various oil contents had slightly dif-
ferent viscosities due to the different amounts of Tween 20 (1.03 mPa.s at lowest concentration of
surfactant 2.3% and 1.39 mPa.s at highest concentration of surfactant, 6.9%). By varying the dis-
persed phase content, the viscosity of the overall emulsions changed, but the continuous phase
viscosity remained constant.
Figure 4.7 shows the variation of the membrane pressure and droplet size versus the overall emul-
sion viscosity. As expected, the pressure through the membrane increased with the overall emul-
sion viscosity. The contribution of both ΔP f low and ΔPdi s is presented in the next section.
Moreover, the droplet size decreased with the oil content and so with the emulsion viscosity (Fig-
ure 4.7). In Figure 4.5, the droplet size was proportional to the continuous phase viscosity and to
the overall emulsion viscosity. In the present section, from a continuous phase viscosity of 1.95
mPa.s to 11.5 mPa.s (corresponding respectively to an oil content of 10 % and 30 %), the droplet
size decrease was very small (687 nm to 586 nm). In addition, the continuous phase viscosity was
nearly constant with the oil content. It might strongly indicate that the increase in shear stress
suggested in section 3.2.2 is due to the continuous phase viscosity and not the overall emulsion
viscosity.
It is also suggested that the droplet size decreased at higher oil concentrations due to the higher
surfactant content present in the formulation. Indeed, an increase in surfactant percentage has
three effects: a slight increase of the continuous phase viscosity which increases the shear stress
within the pores, and also a decrease of the interfacial tension that induces break-up due to
Rayleigh and Laplace instabilities [88] and an increase of the local concentration of surfactant ,
hence the adsorption kinetic at the newly created interfaces [79]. These two last effects could
contribute to a decrease of the droplet size.

4.4.2.4 Experimental determination of ΔP f low and ΔPdi s

To obtain the values of ΔP f low and ΔPdi s , repeated cycles were realized. For that, the premix was
passed first through the membrane, and then the nanoemulsions obtained was passed again dur-
ing three cycles at 100 mL/min. The formulations investigated were those tested in the influence
of the dispersed phase section : four Marcol 82 concentrations 10, 20, 25, 30%. The viscosity of the
emulsions remained nearly constant with the number of cycles, with a slight decrease from the
first pass to the second pass as the droplet size was reduced. The membrane pressures measured
during each cycle are reported in Figure 4.8.
The membrane pressures were higher during the first cycles, but stabilized after first pass. For all
cycles, the membrane pressure stabilized at a higher value for emulsions with a higher oil content.
During the first cycle, the membrane pressure stabilized at 30.8 bar and 18.3 bar for emulsions
containing 30% and 10% Marcol 82, respectively. During the fourth cycle, the membrane pressure
stabilized at 14.5 bar and 3.7 bar for 30% and 10% Marcol 82, respectively. The membrane pressure
remained constant after the first cycles as no more droplet disruption occurred in the membrane
pores, which means that after the first cycles ΔPdi s=0 therefore ΔPm = ΔP f low .
The variations of ΔPdi s and ΔP f low with the overall emulsion viscosity are presented in Figure
4.9. ΔPm1 is the membrane pressure obtained during the first cycle. The stabilized pressure value
ΔPm f was calculated as the average membrane pressure values of the two last cycles, cycles no3
and no4. As said previously, disruption occurs mainly during the first cycle, whereas most of the
droplets do not undergo any droplet disruption for the following cycles. So, ΔPdi s = ΔPm1 - ΔPm f
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Figure 4.7: Membrane pressure and droplet size as a function of dynamic emulsion viscosity for
different oil contents at 100 mL/min

Figure 4.8: Membrane pressure as a function of cycle number for different Marcol 82 contents at a
flowrate of 100 mL/min

and ΔP f low = ΔPm f .

Figure 4.9 shows that ΔPdi s was independent of the overall emulsion viscosity. It means that the
energy required for droplet disruption was the same for the various oil contents, if the oil to sur-
factant ratio was kept constant. As expected, ΔP f low was proportional to the emulsion viscosity
[129].
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Figure 4.9: Influence of dynamic emulsion viscosity on ΔP f low and ΔPdi s

4.4.3 W/O nanoemulsions

In this section, W/O nanoemulsions were prepared at different compositions by varying the vis-
cosity of the continuous phase, viscosity of the dispersed phase and water content, which mod-
ifies the overall emulsion viscosity as described in Materials and Methods. The membrane pres-
sure was measured for all formulations, while the droplet size was reported only for formulations
with different continuous phases.

4.4.3.1 Influence of the continuous phase viscosity

The effect of the continuous phase viscosity was investigated with four different oils as described
in Table 4.1: WMO, WMO + Marcol 82, Marcol 82 and Marcol 52. Water and total surfactant con-
centration were kept constant at 10% and 5%, respectively. Figure 4.10 shows the membrane pres-
sures measured at various flowrates up to 50 mL/min except for the more viscous oil WMO where
40 mL/min was set to keep the resulting pressure below 65 bar. The membrane pressure was pro-
portional to the flowrate for the four oils. At low flowrates, the membrane pressures were closed
to each other except for the more viscous oil WMO, for which the pressure was higher. The differ-
ences between membrane pressures became higher when increasing the flowrate. The membrane
pressures tended to the same value, around 16.43±0.94 bar, as the flowrate approached 0 mL/min.
This value may represent the minimum pressure required for the emulsion to flow through the
membrane, also called emulsifying pressure in DME [46]. On the contrary, the membrane resis-
tance greatly increased when increasing the oil viscosity.
The membrane resistance and the overall emulsion viscosity are plotted versus the continuous
phase viscosity in Figure 4.11. Both parameters are proportional to the continuous phase viscos-
ity. Like for O/W emulsions, the overall emulsions viscosity was proportional to the continuous
phase viscosity. The membrane resistance was also proportional to the viscosity.
As for O/W nanoemulsions, the viscosity of the continuous phase has a great influence on the
feasibility of nanoemulsions production by PME. Indeed, the resulting pressure has to be lower
than 65 bar, and the viscosity has a major impact on the membrane pressure. The viscosity is of
greater importance for W/O nanoemulsions production as higher viscosities are involved.
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Figure 4.10: Membrane pressure variation with flowrate for oils of different viscosities as continu-
ous phases with oil and surfactant content kept constant at 10% and 5% respectively

Figure 4.11: Membrane resistance variation with flowrate and dynamic viscosity of the emulsion
as a function of continuous phase viscosity

4.4.3.2 Influence of the dispersed phase viscosity

To investigate the influence of the dispersed phase viscosity, nanoemulsions with five different
concentrations of glycerol in the dispersed phase (0, 25, 50, 75 and 100 %) were prepared. Figure
4.12 shows the membrane pressure as function of flowrate for a fixed composition of 10% dis-
persed phase, 5% surfactant and 85% Marcol 82 as the continuous phase. For concentrations up
to 50% glycerol, the membrane pressure did not change, however, at higher amounts of glycerol 75
and 100%, the membrane pressure values were much lower. Indeed, at high glycerol concentra-
tions, the density of the dispersed phase became higher and so the difference of density between
the continuous and dispersed phases might induce sedimentation. It is likely that the premix un-
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derwent sedimentation in the high pressure syringe pump and so the injected dispersed phase
was less concentrated, which might result in a decrease of the membrane pressure. Indeed, the
membrane pressure decreases when decreasing the amount of dispersed phase as seen previously
with O/W nanoemulsions and observed below for W/O nanoemulsions.

In addition, when increasing the glycerol content, the viscosity of the dispersed phase increased
to 27.8 mPa.s for 75% glycerol and 905.7 mPa.s for 100% glycerol. The difference in viscosities
between the continuous and dispersed phases was lower for 75% glycerol than for lower concen-
trations and can explain the decrease in membrane pressure as seen for O/W results. However,
this effect could not explain the decrease in membrane pressure for 100% glycerol, where the dif-
ference in viscosities was very high. So, it seems that this effect could not explain the difference in
membrane pressure observed as it did with O/W nanoemulsions.

These results suggest that for both O/W and W/O nanomulsions the dispersed phase viscosity in
PME has not a significant effect.

Figure 4.12: Variation of membrane pressure for different amounts of glycerol in the dispersed
phase, with oil and surfactant content kept constant at 10% and 5% respectively

4.4.3.3 Influence of the dispersed phase content

The influence of the dispersed phase content was tested for four water concentrations 1, 5, 10 and
15%. The surfactant to water ratio was kept constant at 0.5 corresponding to surfactant concen-
trations of respectively 0.5, 2.5, 5, 7.5%. The oil used was Marcol 82 for all experiments. Figure
4.13 shows the variation of the membrane pressure and emulsion viscosity with the dispersed
phase content. The membrane pressure and the dynamic viscosity were a linear function of the
water content, at this range of concentrations. However, as shown on Figure 4.9, for O/W na-
noemulsions and at a larger range of dispersed phase concentrations, ΔPm was the addition of a
parameter that was highly dependent on viscosity ΔP f low and one which was constant ΔPdi s . At
our experimental conditions, the membrane pressure increased linearly with the water content;
it might be explained by the fact that in this dispersed phase range, viscosity increases linearly
with water content. In this case, the membrane pressure is the addition of one term that increase
linearly with the water content and one that does not depend on the water content, which explain
its linearity.
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Figure 4.13: Variation of droplet size and membrane pressure with water content at 50 mL/min

4.4.3.4 Determination of ΔP f low and ΔPdi s

As for O/W nanoemulsions, ΔP f low and ΔPdi s were determined from the influence of the cycle
number on the membrane pressure. For W/O, one composition was tested: 10% water, 5% surfac-
tant and 85% Marcol 82, at 50 mL/min and the result is presented in Figure 4.14. At this composi-
tion and for these experimental conditions, the difference in pressure between the first cycle and
the stabilized pressure was ΔPdi s = ΔPm1 - ΔPm f = 7.6 bar and ΔP f low = ΔPm f = 35.7 bar. ΔPdi s

was lower than for O/W nanoemulsions. Indeed, the flowrate was two times lower (50 mL/min
for W/O and 100 mL/min for O/W nanoemulsions). ΔPdi s should decrease when decreasing the
flowrate, as suggested by Figure 4.6 where ΔPmembr ane was equal to 14.7 bar at 50 mL/min, sug-
gesting a lower value of ΔPdi s than that obtained at 100 mL/min (14.5 bar). Further investigations
would be needed to investigate the effect of flowrate on ΔPdi s .

Figure 4.14: Effect of cylcle number on membrane pressure at a composition of 10% water, 5%
surfactant and 85% Marcol 82 at a flowrate of 50 mL/min
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4.4.3.5 Influence on droplet size distribution

For W/O nanoemulsions, the droplet size measurement with the oil as the continuous phase is
much more difficult compared to O/W nanoemulsions with water as the continuous phase. Con-
sequently, it was more difficult to see the variation of droplet size. However, droplets size around
550 to 660 nm were observed by laser diffraction (Figure 4.15). There was only a little effect of
the continuous phase viscosity on the droplet size distribution. D50 decreased when increasing
the continuous phase viscosity except for WMO but the nanoemulsions were obtained at a lower
flowrate. The effect of the continuous phase viscosity appears less pronounced than for W/O na-
noemulsions. It could be explained by the lower flowrate used, resulting in lower shear stress,
which can affect the influence of the continuous phase viscosity. Also, the droplet sizes showed a
broader distribution, and therefore it is more difficult to observe a real effect on the droplet size.

Figure 4.15: Droplet size distribution of W/O nanoemulsions with different oils obtained at 50
mL/min except for WMO at 40 mL/min

4.5 Conclusion

In this study, O/W and W/O nanoemulsions were prepared successfully by PME and SPG mem-
branes. For that, a controlled set-up including a high pressure syringe and a membrane module
in PME mode, developed in our previous study, was used [124]. As the pressure through the mem-
brane must be lower than 65 bar, we investigated the effect of viscosities of the continuous phase,
dispersed phase, and dispersed phase content to be able to produce viscous O/W and W/O na-
noemulsions successfully.
The resulting pressure is a key parameter which governs the production of nanoemulsions in PME
and is due to three main resistances: the resistance of flow through the pipe connecting the pump
to the membrane module ΔPpi pe , the resistance of flow through the membrane pores ΔP f low and
the resistance due to the disruption of the premix droplets into nanodroplets in the membrane
pores ΔPdi s .
First, the pressure drop through the pipe connecting the pump to the membrane module was
measured and shown to be proportional to the emulsion viscosity as predicted by Poiseuille′s
equation, for both O/W or W/O nanoemulsions. Then, the effect of viscosity on the pressure
through the membrane and droplet size was investigated for O/W nanoemulsions. It was found
that the membrane pressure was highly dependent on the emulsion viscosity especially at higher
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viscosities. The continuous phase viscosity had a great impact on the pressure as it increased the
overall emulsion viscosity and on the droplet size distribution with a significant decrease due to
the increase of the shear stress within the membrane pores. The dispersed phase viscosity had
a lower impact on the membrane pressure, which can be explained by the viscosity difference
between the dispersed and continuous phases, and no significant influence on the droplet size
distribution.
W/O nanoemulsions were produced with mean droplets size around 600 nm at 50 mL/min. W/O
nanoemulsions were more difficult to produce and to characterize, but the different viscosities
had the same influence on the membrane pressure as for O/W nanoemulsions.
These results suggest that in PME the pressure needed to break up the droplets from the premix
ΔPdi s does not depend on viscosity. At low flowrates and low viscosities, the resulting pressure
is nearly equal to ΔPdi s . However, at high flowrates and high viscosities, the two other pressures
ΔP f low and ΔPpi pe have an important effect as they are proportional to the viscosity of the overall
emulsion.
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5.1 Introduction

The aim of this study was to produce O/W and W/O nanoemulsions within the frame of the eu-
ropean project PeptiCaps (Figure 5.1). A consortium of 9 partners worked on this 3-years project
starting in October 2015. The final objective of the projet is to develop and validate a new family of
safe stimuli-responsive nanoemulsions designed to encapsulate fragile active ingredients, either
hydrophilic or hydrophobic, as cosmetic ingredients. Within this project, a specific part is ded-
icated to the production of nanoemulsions using industrially relevant manufacturing processes,
in our case membrane processes. These nanoemulsions are produced using the macroemulsifiers
developed within the project. The major requirement are their long term stability, submicron size
and narrow size distribution.

Figure 5.1: PeptiCaps logo

First, preliminary essays were performed in order to evaluate the possibility to produce with PME
nanemulsions stabilized by PP1. Essays were performed with the proof of concept set-up and
results are presented in Appendix A.1. Once the final set-up developed, we first tested a model
composition with the oil chosen by the European partners in order to understand the effect of
process and composition parameters, and then produce O/W and W/O nanoemulsions with PP1
and PP2 respectively.
First, the production of O/W nanoemulsions required a development phase presented in Chapter
3. Then, PP1 was used and results are presented focusing on the influence of surfactant concen-
tration and flowrate on the emulsion properties. For W/O nanoemulsions, as the MCT as oil had
not been investigated previously, the results with PGPR as model surfactant are presented in a first
section. In a second part, production of W/O nanoemulsions with PP2 is reported.

5.2 Materials and methods

Compositions and procedures for formulations with polypeptides are presented in Chapter 2.
Additionally, products used for W/O model composition emulsions are PGPR (Palsgaard DMG
0295) kindly provided by Palsgaard, Medium Chain Triglyceride (MCT) oil purchased at Gattefossé
(commercial name Labrafac Lipophile WL 1349) and demineralized water. The proportions were
10% water, 10% PGPR and 80% MCT unless mentioned otherwise.

For O/W emulsions, membranes of 20 mm length were used and for W/O emulsions membranes
of 125 mm length. Membranes of smaller length were first used in order to minimize the amount
of surfactant but for W/O as their viscosity was higher it was more convenient to work with longer
membranes to produce nanoemulsions at higher flowrate.
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5.3 Results for O/W emulsions production

5.3.1 Influence of copolypeptide percentage

All the following results in this section were obtained with the final set-up with the high pressure
syringe pump, the microkit module and a 20 mm long membrane, as presented in Chapter 2.

As shown previously, the surfactant percentage has an important effect on the resulting pressure
and size reduction. On Figure 5.2, we see clearly that surfactant concentration of 1% was not
sufficient to get monodispersed nanoemulsions with the 0.8 μm pore size membrane. However,
2% allowed to get a monodispersed emulsion with D50 = 837 nm (Figure 5.2).

Figure 5.2: Size distribution in volume at different polypeptide concentrations and 10% oil with
the 0.8 μm membrane

The smallest droplet size obtained at different PP1 concentrations are presented in Figure 5.3: at
2% PP1 concentration and with the 0.8 μm pore size membrane and at 1% PP1 with the 1.1 μm
pore size membrane.
Monodispersed emulsions with 1% PP1 was only achievable with a 1.1 μm pore size membrane
and with these conditions, 74 bars were needed to pass through the membrane pores at 200
mL/min.
For 2% PP1, the premix was able to pass through the pores of a 0.8 μm pore size membrane but 110
bars were needed for a flowrate of 50 mL/min. Higher flowrates were not achievable with these
conditions.

5.3.2 Influence of flowrate

The influence of flowrate was studied and the results were similar to the ones obtained with
other compositions studied in Chapter 3. The droplet size decreased at higher flowrate (Figure
5.4). However, the effect of flowrate was less important than with the model formulation. At low
flowrates, 10 mL/min and 50 mL/min, the mean drop size was higher and the distribution wider
than the ones obtained at 75 ml/min to 200 mL/min which gave droplet size close to each other.
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Figure 5.3: Size distribution in volume of emulsion with the smallest droplet size at two polypep-
tide concentrations and two different pore sizes

The fact that the formulation based on the polypeptide was not optimized might explain this dif-
ference.

Figure 5.4: Size distribution in volume for different flowrates with the 1.1 μm membrane at 10% oil
and 2% PP1

Emulsion with the smallest droplet size was obtained with the 2% copolypeptide and the 0.8 μm
membrane at 50 mL/min. The droplet size distribution is shown on Figure 5.5.
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5.3.3 Stability

As can be seen on Figure 5.5, nanoemulsions produced with 2% PP1 were very stable over time
up to 9 months minimum. We observe that even at low concentration, PP1 was able to stabilize
nanoemulsions and that PME produced stable nanoemulsions.

Figure 5.5: Size distributions for the smallest emulsion obtained with PP2 at 2% , 0.8 μm membrane
and 10% oil just after production, (t0) and after 9 months at room temperature (t+9 months)
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5.4 Results for W/O emulsions production

Contrary to O/W, W/O nanoemulsion production by PME with the MCT oil has not be reported
in previous chapters. In order to optimize first the production of W/O emulsions with PME, na-
noemulsions with MCT oil and a classical hydrophobic surfactant, PGPR were prepared. PGPR
was chosen because Span 80 was not soluble in MCT. Also PGPR is commonly used for the pro-
duction of W/O emulsions [62, 90, 108, 109].

5.4.1 Model composition with PGPR

In this section, we first prepared emulsions by PME using a commercial emulsifier, namely PGPR.
We investigated:

• The effect of flowrate on resulting pressure

• The effect of water content on resulting pressure at various flowrates

Figure 5.6 shows the influence of flowrate on the resulting pressure for emulsions with different
water content. The resulting pressure drastically increased when the aqueous phase content in-
creased, in particular for the emulsion with 20 % water content. These results have already been
reported and the effect of viscosity studied in Chapter 4. Same observations were made for differ-
ent oils and different surfactants.

Figure 5.6: Variation of the resulting pressure as function of flowrate for W/O emulsions with dif-
ferent water contents

In Figure 5.7, the resulting pressure is plotted versus water content for three flowrates. Pressure
and flowrate were proportional for all formulations tested with different water contents.
The resulting emulsions were then characterized in terms of droplet size.
In Table 5.1, the droplet sizes measured by DLS of the emulsions obtained by PME are reported for
each flowrate. The size range of the emulsions varied between 640 and 740 nm. Size distributions
were relatively homogeneous with PDI varying from 0.1 to 0.25. Furthermore, there seems to be
no clear influence of the flowrate on droplet size.

In this section, W/O emulsions with various water contents were prepared by PME with a good
control of flowrate and pressure. Among all formulations, the maximum flowrate which could be
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Figure 5.7: Variation of the resulting pressure with water phase content at various flowrates

Table 5.1: Variation of the Z-average, PDI and mean value at various flowrates from 1 to 15 mL/min

achieved with the 0.5 μm membrane was 30 mL/min. However, size measurements are limited by
the emulsion overall viscosity.

5.4.2 PeptiCaps composition with PP2

In this section, W/O emulsions stabilized with the copolypeptide PP2 were prepared by PME.The
formulation was optimized by the European partners. As described in Chapter 2, these conditions
are the following: Ewocream was used as an oil soluble surfactant and PeptiCaps surfactant PP2
as a water soluble one. Furthermore, the aqueous phase was either a mixture of 30/70 buffer /
glycerol or pure glycerol.

The copolypeptide was first dissolved at 10 % in a mixture of 30/70 citrate buffer / glycerol. We
observed that while the copolypeptide solution in 30/70 buffer/glycerol was slightly viscous, the
one in pure glycerol yielded to the formation of a gel. Therefore, emulsions were prepared with a

117



CHAPTER 5. PRODUCTION OF O/W AND W/O PEPTICAPS NANOEMULSIONS

30/70 buffer/glycerol solution as dispersed phase. Two types of formulations were prepared: one
with and one without PP2 as water soluble surfactant.
We investigated the influence of the injection flowrate on resulting pressure and droplet size for
each formulation. The resulting pressure increased with flowrate for both formulations, with a
maximum flowrate of 50 mL/min. Droplet sizes of the resulting emulsions were then measured
by DLS. Figure 5.8 shows typical size distribution for both formulations in comparison with the
premix emulsion. The emulsions containing PP2 were nearly transparent while the one with-
out were turbid (Figure 5.9). However, both formulations displayed the same size distribution, at
around 600 nm with PDI between 0.13 and 0.19. This was further confirmed in Figure 5.10, where
it can be seen that the average size of both formulations ranged from 400 nm at low flowrates,
probably due membrane filtration instead of emulsification, to 600 nm at high flowrates.

Figure 5.8: Size distribution comparison of the emulsions obtained with or without PP2 after pass-
ing through a 0.5 μm pore size membrane at a flowrate of 30 mL/min. Composition: dispersed
phase 10 % of a 30/70 citrate buffer /glycerol mixture with or without 1 % PP2; continuous phase:
90 % of 20 % Ewocream in MCT oil

Figure 5.9: Composition: dispersed phase 10 % of a 30/70 citrate buffer /glycerol mixture with or
without 1 % PP2; continuous phase: 90 % of 20 % Ewocream in MCT oil

118



CHAPTER 5. PRODUCTION OF O/W AND W/O PEPTICAPS NANOEMULSIONS

The difference in transparency between both formulations was explained by the modification of
the refractive index due to PP2 addition. Indeed, the refractive indexes were measured with a PAL-
1 Pocket refractometer (ATAGO, Japan), with water phase containing 30% citrate buffer and 70%
glycerol. The following results were obtained:

• Without PP2: 1.42935±0.00012

• With 1 % PP2: 1.43832±0.00000

And for the oil phase (20 % Ewocream + 80 % MCT) : 1.45184±0.00000
With the addition of 1% PP2 to the dispersed phase composed of 30% citrate buffer and 70% glyc-
erol, the refractive index increased and became closer to the refractive index of the continuous
phase. Visually, the emulsion became more transparent.

Figure 5.10: Variation of the average droplet diameter as a function of flowrate for emulsions with
or without PP2. Emulsification conditions: membrane pore size 0.5 μm

5.5 Conclusion

In this study, O/W and W/O nanoemulsions of specific composition were produced by PME.
These compositions were specified by our European partners from PeptiCaps project.
First, parameters were optimized with model compositions of commercially available surfactants.
For O/W nanoemulsions, results are presented in Chapter 3 and for W/O nanoemulsions with
PGPR in this chapter. Finally O/W and W/O nanoemulsions with polypeptidic surfactants, re-
spectively PP1 and PP2 were produced by PME .
These results show that the process developed allows the production of nanoemulsions of dif-
ferent compositions and different requirements. Indeed it can be used for different applications
with the advantages of high monodispersity, easy scalability, lower energy consumption and bet-
ter compatibility to sensitive actives compared to other processes.
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CHAPTER 6. COMPARISON OF THREE PROCESSES FOR PARENTERAL
NANOEMULSION PRODUCTION: ULTRASOUNDS, MICROFLUDIZER AND PREMIX
MEMBRANE EMULSIFICATION

Preamble

As seen in previous chapters, a new process, PME, has been developed for nanoemulsions pro-
duction with encouraging results. This motivated us to compare PME with traditional processes.
Two high energy processes were chosen and investigated for exactly the same composition.
The first one, microfluidizer is considered as the best industrial option for nanoemulsion pro-
duction in the market. Moreover, it is available in our laboratory and influence of numerous pa-
rameters has already been studied in a preliminary study and found in agreement with what was
reported in the literature. For this reason these results are not presented here.
The second one, ultrasounds is extensively used in laboratory research for its good performance.
However, it is known to be not scalable to large scale.

The idea was to find a model composition to be able to compare droplet sizes and preservation of
a sensitive active. As PME requires less energy, it is expected to preserve better the active ingre-
dients. Pharmacy is one field where droplet size and active preservation are of prime importance
for effectiveness and safety reasons. Among pharmaceutical applications, parenteral route of ad-
ministration is the most sensible to these parameters.
All-trans retinoic acid (AtRA) was chosen because of its promising results in influencing tumor
progression by affecting cancer cell proliferation rates and their state of differentiation and be-
cause of the laboratory expertise with this active ingredient. Moreover, even if different formula-
tions with atRA have already been studied, atRA has never been loaded in nanoemulsion to our
knowledge.
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crofludizer and premix membrane emul-
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6.1 Abstract

Nanoemulsions are of great interest for pharmaceutical applications, including parenteral dosage
forms. However, their production is still limited and requires more efficient and adaptive tech-
nologies. The more common systems are high-shear homogenization like microfludizers (MF)
at industrial scale and ultrasounds at research scale, both based on high energy limiting their
application for sensitive drugs. Recently, a process based on premix membrane emulsification
(PME) was developed to produce nanoemulsions. These three processes have been compared for
the production of a model parenteral nanoemulsion containing all-trans-retinoic acid, a thermo-
labile molecule which is used in the treatment of acute promyelocytic leukemia in a parenteral
form. Droplet size and active integrity were studied because of their major interest for efficacy
and safety assessment. Regarding droplet size, PME produced monodispersed droplets of 335 nm
compared to the other processes which produced nanoemulsions of around 150 nm but with the
presence of micron size droplets detected by laser diffraction and optical microscopy. No real
difference between the three processes was observed on active degradation during emulisifca-
tion process. However, regarding stability, especially at 40oC nanoemulsions obtained with the
microfludizer showed a greater molecule degradation and unstable nanoemulsion with a 4 times
droplet size increase under stress conditions compared to those produced with the other pro-
cesses.

6.2 Introduction

Nanoemulsions are dispersed systems of droplets with nanometric diameter (< 500 nm) which are
used in several pharmaceutical dosage forms and cosmetic formulations. The small droplet size
enhances emulsion kinetic stability, allows to solubilize and protect hydrophobic drug molecules
and contributes to drug bioavailability enhancement. Their versatility, biocompatibility and bio-
degradability make these systems valuable pharmaceutical asset in different marketed dosage
forms for oral, nasal, parenteral, dermal, transdermal, ocular and pulmonary administration routes
[130, 131, 132].
Nanoemulsions are the unique choice for intravenous emulsion-based formulations which re-
quire specific and strict criteria including controlled droplet sizes (less than 1 or 2 μm) [45], re-
stricted composition, physico-chemical and biological stability and sterilized requirement. Par-
enteral nanoemulsions have been presented in numerous studies [133, 134, 135, 136] and in-
cluded in several clinical trials such as treatment of leukemia [137] and diabetic dyslipidemia
[138]. Parenteral nanoemulsions are interesting formulations for the delivery of many drugs [45].
They can avoid the use of conventional co-solvent systems and the associated undesirable effects
caused by precipitation of the drug at the injection site, as well as protein binding and hydrolytic
degradation of drugs. Another advantage of parenteral emulsions is their potential to achieve a
sustained release and to target concerned tissue [135].
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Manufacturing of nanoemulsions is usualy classified into low and high energy emulsification
methods. Low-energy emulsification methods are based on physico-chemical principles such
as phase inversion temperature, phase inversion composition or nanoprecipitation [25]. How-
ever, the specific composition requirement inherent in these methods gives high energy meth-
ods an advantage. Indeed, high energy processes are suitable for a larger range of formulations
as nanoemulsions are generated using mechanical devices with intensive disruptive forces that
breakup the oil and water phases [44]. Among these high energy methods, the most used are high
pressure homogenizers, microfluidizers (MF) and ultrasounds (US). The two first techniques are
based on similar technologies, a high pressure flux in a microchannel creating high shear stress
with cavitation and impact. The main difference is that MF presents an interaction chamber of
fixed geometry whereas in traditional high pressure homogenizers the valve moves to create the
pressure. MF and high pressure homogenizers [37] require high energy input (pressure applied
up to around 2000 bars). Unfortunately, only 0.1 % of the energy input is actually used for emul-
sification, while the remaining energy (99.9%) is dissipated as heat [8]. Moreover, monodispersed
droplets are obtained only after several cycles, as all droplets do not undergo the same shear stress
depending on their position in the interaction chamber. US is based on cavitation mechanism
and requires also high energy input. This process can generate nanoemulsions with very small
droplet size, but usually broad size distributions are obtained and is limited to laboratory scale.
The drawback of these technologies is their energy consumption but also the additional cost for
scaling up, which is known as one of the biggest challenges for nanoemulsions production in the
pharamaceutical industry [139]. Moreover, high thermal energy produced during emulsification
limits their application for thermolabile drugs.

More recently, membrane emulsification has gained significant attention because of the low en-
ergy required leading to low shear stress and temperature increase and its good scalability. Mem-
branes can be used either to generate an emulsion, the process is then called direct membrane
emulsification or to modify it and is then called premix membrane emulsification (PME). In di-
rect membrane emulsification a dispersed phase is injected through membrane pores in a contin-
uous phase. In PME, a coarse emulsion called premix is injected directly through the microporous
membrane in order to form smaller droplets. Advantages of PME over DME are that the flowrate
of the product emulsion is generally much higher, higher droplet concentrations are obtained and
the mean droplet sizes are smaller [87, 62]. For the production of nanoemulsions, PME is of great
interest. Bunjes et al. prepared nanoemulsions by PME with droplet sizes lower or around 200 nm
with a narrow size distribution [110, 92, 111]). This result was explained by the high pore tortu-
osity and thickness of the Shirasu Porous Glass (SPG) membranes which are the most commonly
used membranes for emulsification. Using these SPG membranes and PME, Bunjes and Joseph
producted a few milliliters of nanoemulsion [110, 92, 59]. The production of nanoemulsions by
membrane emulsification remains a challenging undertaking [110] especially for large volumes
at high flowrates. Hitherto, this process has been used to homogenize small amounts of emul-
sion, but a recent publication by Alliod et al. [124] proposed a novel approach which allowed the
homogenization of 500 mL of coarse emulsion into a nanoemulsion by running it through mem-
branes with average pore sizes at a minimum of 0.2 μm whilst keeping pressure under 60 bars.
Thus, PME can be used to create nanoemulsions that carry sensitive active pharmaceutical in-
gredients prone to isomerization or degradation. Also, this process present additional industrial
interest because it can work in a continuous way. Moreover, SPG membranes can be sterilized
and to ensure aseptic production for injectable nanoemulsions.

The aim of this study is to evaluate the potential of these three different processes on produc-
tion of nanoemulsions within the specific requirements of parenteral formulation. The first pro-
cess, MF, is a commercially and industrially available process. The second, US is a process used
mostly at laboratory scale for the production of nanoemulsions. The last process, PME, is a pro-
cess under investigation for micron size for some decades but new at nano-scale. These three
processes have never been investigated in the same study, however a study compared a tradition-
nal membrane process (micron size) and a microfludizer for emulsion production [56] and several
compared ultrasounds and microfludizer for nanoemulsion production [140, 141]. The first study
showed interesting results for both processes but no size under one micron were reached with the
membrane process [56]. Concerning comparison of US and MF, similar results in size were often
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obtained.

In order to evaluate the effect of each process on possible active degradation, a model active
was chosen, all-trans-retinoic acid (atRA). This active has a great potential for injection but is
very light and temperature sensitive. This active form of vitamin A, atRA, has been marketed for
oral and topical administrations. Its therapeutic potential is thus far limited to the treatment
of acne [142] and other superficial skin ailments and to the treatment of acute promyelocytic
leukemia [143, 144], among other cancer types [145]. Modern research posits that atRA influ-
ences tumor progression by affecting cancer cell proliferation rates and their state of differentia-
tion [146]. Numerous research efforts were dedicated to the development of parenterally admin-
istrable forms in order to overcome the limitations of the existing prominent cancer-treating oral
forms such as variable atRA bioavailability among patients and decrease its plasmatic level after
long-term treatment [142]. Therefore, it has been the subject of thorough investigation to propose
adaptable parenteral forms using cyclodextrins [147], liposomes [148], or lipid core nanocapsules
[149, 150, 151]. To our knowledge, no atRA-loaded nanoemulsion for parenteral administration
has been developed.

The objective of this study is to compare the three processes for the production of atRA par-
enteral nanoemulsions regarding the droplet size and drug stability. Firstly, the emulsion com-
position was selected after HLB determination, solubility and osmometry measurements. Then,
nanoemulsions production was optimized regarding droplet size and dispersity. For that pressure
and cycle number were investigated for MF, number of cycle coupled with pore size for PME and
intensity and processing time for US. Following this optimization, the more interesting conditions
for each process were selected and the active preservation was determined over 3 month with four
storage conditions, ie: dark conditions temperature of 4oC, ambient temperature and 40oC and
in light conditions at ambient temperature.

6.3 Experimental Section

6.3.1 Materials

AtRA, 13-cis-retinoic acid, 9-cis-retinoic acid, Tween 20 (Polysorbate 20), Span 80 (Polysorbate 80)
were purchased from Sigma Aldrich (France). Derquim+ was purchased from Derquim (Spain),
Labrafac wl1349 (MCT oil) was purchased from Gattefossé (France). Glycerol was purchased from
Carl Roth (France). Ultrapure water was obtained using a Millipore (France) Synergy Unit system.

6.3.2 Preparation of the premix

In order to determine the final quantity of atRA to be added to the emulsion to avoid crystal-
lization after manufacturing, the solubility in MCT was determined. Tween 20 and Span 80 were
chosen because both emulsifiers are FDA approved for intravenous administration and are rela-
tively innocuous in low quantities. Moreover, to ensure optimal stability of the nanoemulsion, the
emulsifier mix was added at a mass percentage of 5% [124]. Finally, the osmolarity was adjusted
by adding glycerol and was measured using an OSMOMAT 030 cryoscopic osmometer

Preparations were all performed at room temperature. Both phases were first prepared separately.
The oil phase was prepared by adding 10% MCT, 2.7% Span 80 and 0.2% atRA and stirring mag-
netically at 600 rpm until a homogeneous consistency was obtained. In the aqueous phase, 1.88%
glycerol and 2.3% Tween 20 were dissolved in water. Once a homogeneous consistency was ob-
tained for the aqueous phase, the oil phase was poured while magnetic stirring was set at 600 rpm.
The mixture was stirred until a homogeneous and consistent white color was obtained. During all
the process, exposition to day light was avoided.
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6.3.3 Production of nanoemulsions

6.3.3.1 PME

The experimental set-up and method used for the preparation of nanoemulsions by PME are
adaptated from the approach detailed by Alliod et al. [124] (Figure 6.1). The set-up comprised a
high pressure benchtop single cylinder pump BTSP 500-5 (Floxlab, Nanterre, France). The pump
is made of high grade stainless steel and equipped with a pressure sensor (±0.1 bar), two pneu-
matic valves for tank feeding and outlet delivery, a control panel and a storage tank of 500 mL.
Pressurization was obtained by way of an electric motor-driven piston. A maximum flowrate of
200 mL/min can be obtained with this pump. The membrane module was connected to the pump
with high pressure fittings (Swagelock, France).

Figure 6.1: Experimental set-up of the high syringe pump with membrane holder and SPG mem-
brane

Hydrophilic SPG membranes were provided by SPG Technology Co.Ltd (Miyazaki, Japan). These
membranes are of a tubular design with an inner diameter of 8.5 mm and a uniform thickness of
0.8 mm. 20 mm membranes were used throughout the experimentation. Membranes with mean
pore size of 0.2, 0.3, 0.4, 0.5 μm were investigated and their mean pore size data was provided
by the manufacturer. The membrane module used was an external pressure microkit module for
membranes with a length of 20 mm (SPG Technology). The cleaning procedure consisted in three
injections through the membrane of 500 mL of a 1 % Derquim + solution [57] at 70oC and 200
mL/min, and then three injections of 500 mL of pure water at room temperature and 200 mL/min.
The membrane resistance to water was recovered after this treatment.
To produce nanoemulsions, the premix was placed in the feed tank and pumped in the syringe
pump. First 20 mL premix was injected in order to remove air from the experimental set-up and
fill it with premix. Most of the experiments were then carried out with volumes of injection from
40 to 200 mL to perform all cycles with sufficient material. The transmembrane pressure never
exceeded 60 bars. The nanoemulsion produced flew from the membrane tube under gravity and
was collected in a beaker placed beneath the module.
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The membrane used for production at each cycle was the following: Cycle 1 : 0.5 μm pore size;
Cycle 2 : 0.4 μm pore size; Cycle 3 : 0.3 μm pore size; Cycle 4 : 0.2 μm pore size. After each cycle
the emulsion was collected and analyzed. All emulsions were investigated in a stability study.

6.3.3.2 MF

An LM20 series Microfluidizer processor (Microfluidics, Massachussets, USA) was used. Its reser-
voir capacity is 300 mL and it can be operated at pressures up to 2068 bars.
The effects of several parameters were investigated: pressure values from 500 to 2000 bars; num-
ber of cycles : 1, 2, 3, 4, and 5 cycles. After each cycle, the emulsion was collected and analyzed. For
the stability study, the preparations investigated were obtained after cycle 1, 3 and 5 at a pressure
of 1000 bars.

6.3.3.3 US

A UP400S Ultrasonic Processor (Hielscher, Teltow, Germany) was used to create nanoemulsions. It
is equipped with a 100 mm titanium cylindrical sonotrode (radius = 7 mm) and a sound protection
box. Its operating frequency is 24 kHz and its amplitude can be modulated using a simple knob
fitted onto the device. To obtain homogeneous size reduction, the emulsion was magnetically
stirred throughout the homogenization process. The preparations were placed in an ice bath to
limit temperature increase.
Two variables were taken into account when evaluating US as an homogenization method: am-
plitude which was modulated at 30% and 60% and time of exposure which lasted 1, 2 or 5 min. For
the stability study, the essay investigated was obtained at 60% intensity for a duration of 5 min.

6.3.4 Particle size distribution measurements

For droplet size experiments and measurements were all done in triplicate. Average droplet size
distributions and average results with standard deviations are presented.

6.3.4.1 Dynamic light scattering

The droplet size was measured by means of dynamic light scattering (DLS) using a Zetasizer Nano
Z (Malvern Instruments, France). Data processing of the DLS measurements were done with the
Zetasizer software by both cumulants and distribution analysis. Results were z-average, which
is the mean size, and the size distribution in intensity. Before measurement, the nanoemulsions
were diluted in ultrapure water (the dilution factor was adjusted to obtain an attenuation factor
between 7 and 9). The measurements were realized at 25oC.

6.3.4.2 Laser diffraction

The droplet sizes of optimized nanoemulsions were measured by Laser Diffraction (LD) particle
size analysis with a Mastersizer 3000 (Malvern Instruments, France). The technique is based on
measurement of the intensity of light scattered as a laser beam passes through a dispersed partic-
ulate sample. The Mie scattering theory was used, with a refractive index and an absorption index
set at 1.55 and 0.005 for the dispersed phase, respectively. The continuous phase was ultrapure
water with a refractive index 1.33. The results were expressed by D50 the mean droplet diameter
for which 50 % of droplets in volume are below this size and the dispersity of the sample is given
by the span value.

6.3.5 Optical microscopy

A Leica DM2000 LED optical microscope fitted with a high definition camera was used to observe
droplets without dilution. The images were captured remotely and analyzed via the LAS EZ soft-
ware developed by Leica. Droplet sizes were determined using the software integrated features.
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6.3.6 High Performance Liquid Chromatography

atRA quantification in nanoemulsion was monitored using a RP-HPLC method (Agilent 1200 se-
ries) as previously described by Almouazen et al.[152]. Briefly, C18 column with 2.6 μm parti-
cle size (Phenomenex, Kinetex) was used as a stationary phase. Mobile phase composed of 30%
methanol, 35% acetonitrile, 35% of deionized water with 0.5% acetic acid was injected at a flowrate
of 1.4 mL/min. All samples were diluted in acetonitrile and the injected volume was 10μl. Finally
the UV-detector was used at λ = 356 nm.

6.3.7 Stability

Samples of interest were kept in stability in four different conditions: protected from light at tem-
perature of 4oC, ambient temperature and 40oC and exposed to day light at ambient temperature.

6.4 Results

6.4.1 Determination of optimal formulation

O/W emulsions with HLB values of 9, 10 and 11 were observed by optical microscopy and the
preparation corresponding to the HLB value of 10 was determined to give the smallest droplet
size. The total mass of emulsifier (5 g per 100 g of emulsion) was comprised of 46% Tween 20 and
54% Span 80, or 2.3 g and 2.7 g per 100 g of emulsion, respectively. The solubility of atRA per gram
of MCT was determined to be 2.24 mg in average thus a concentration of 0.02% was used, 1.88% of
glycerol was added to adjust emulsion osmolality to 0.300 osmol/kg and be isotonic with plasma.
All experiments were performed at a composition described in Table 6.1. The premix was obtained
by the same procedure for all experiments as described in Materials and Methods. The droplet size
distribution of the premixes were similar for all experiments and determined by LD at D50 = 10.3
μm and Span = 2.77.

Table 6.1: Composition of the atRA emulsions formulation

6.4.2 Effect of the process on the resulting droplet size of the nanoemul-
sions

Using the predefined premix formulation, nanoemulsions were prepared by the three procedures
described in details in Material and Methods. For each procedure, we evaluated and optimized
experimental conditions regarding the nanoemusion size distribution determined by DLS.
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6.4.2.1 Effect of PME parameters on resulting droplet size by DLS

In PME, four cycles were performed using decreasing pores sizes. The influence of cycle number
on particle size distribution, Z-average and PDI are presented in Figure 6.2. Considering size dis-
tribution presented in Fig 6.2a, the droplet size was reduced with the number of cycles which is
explained by the fact that pore sizes were smaller and smaller after each cycle. All droplets were
below 2 μm after cycle 1 and 2, and only cycle 3 and 4 ensured size distribution below 1 μm. Also,
the size distribution width was smaller for cycles 3 and 4 than for cycles 1 and 2.
Regarding Z-average and PDI (Fig. 6.2b), which were measured by the same apparatus but esti-
mated by different calculation methods, observations were similar. Z-average decreased from 615
nm at cycle 1 to 335 nm at cycle 4. PDI of the nanoemulsions obtained after the first two cycles
were slightly above 0.10, for cycle 1 and 2, 0.10 and 0.13 respectively. For cycle 3 and 4, there were
below 0.1: 0.03 and 0.09 respectively. Cycle 1 and 2 produced quite monodispersed nanoemul-
sions and cycle 3 and 4 very monodispersed ones. Standard deviations for the different tests and
measurements were low from 4 nm and 0.02 for the last two cycles; to 18 nm and 0.06 for the first
two cycles for Z-average and PDI, respectively.

Figure 6.2: Effect of cycles number on particle size distribution in intensity a); Z-average and PDI
b) by DLS for PME at cycles 1 to 4

6.4.2.2 Effect of MF parameters on resulting droplet size by DLS

Nanoemulsions were prepared at different pressures 1000 bars was selected as the optimized one.
(data not shown). MF results regarding the influence of cycle number on particle size distribution,
Z-average and PDI at a pressure of 1000 bars are presented in Figure 6.3. Size distributions (Fig.
6.3a) were significantly different between cycle 1 and all other cycles from 2 to 5. Indeed, cycle 1
presented a larger distribution and particles above 1 μm, contrary to all other cycles that showed
similar size distribution in terms of droplet sizes and distributions.
Z-average (Fig. 6.3b) varied from 162 nm for cycle 1 to 110 nm for cycle 5. Z-average decreased
with cycle number, however the decrease from cycle 1 to cycle 2 was the more significant with a
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value of 38 nm. From cycle 2, Z-average values were quite stable. Moreover, standard deviation
was high for cycle 1, S.D. = 40 nm, and negligible for other cycles. PDI values were stable with
cycle number and set between 0.11 and 0.17 for cycle 4 and 1 respectively, which indicated quite
monodipersed emulsion. As seen on Fig 6.3a, size distribution was larger for cycle 1.

Figure 6.3: Effect of cycle numbers on particle size distribution in intensity a); Z-average and PDI
b) by DLS for MF at a pressure of 1000 bars and cycles 1 to 5

6.4.2.3 Effect of US parameters on resulting droplet size by DLS

Figure 6.4 presents optimization of droplet sizes of nanoemulsions produced by US. Droplet size
distributions at processing time of 1, 2 and 5 min are shown in Fig.6.4a and Z-average and PDI for
US intensities of 30% and 60% and processing time of 1, 2 and 5 min in Fig 6.4b. Regarding droplet
size distribution (Fig 6.4a), 1 min processing time led to polydispersed and bigger droplets, a part
of the distribution being above 1 μm compared to longer processing times. At 2 and 5 min, the
distributions were similar and all of the distribution was below 1 μm.
In addition, Z-average (Fig 6.4b), decreased with processing time, from 334 nm to 173 nm at 1
min and 5 min at 30% US intensity and from 195 nm to 173 nm at 1 min and 5 min at 60% US
intensity. Also, at 1 and 2 min processing time, nanoemulsions obtained at 60% US intensity were
smaller than the ones obtained at 30%. However, at 5 min, nanoemulsions obtained at 30% and
60% US intensities had the same Z-average. Finally, PDIs, (Fig 6.4b) were high at 1 min processing
time, 0.26 and 0.61 at 30% US intensity and 60% US intensity, respectively, with high standard
deviation. They both decreased with processing time to finally reached 0.19 and 0.21 at 30% US
intensity and 60% US intensity, respectively, after 5 min. Even if the PDI values decreased with
increasing processing time and US intensity, they were still quite high and DLS may not be the
ideal apparatus to measure the mean droplet size, as DLS is aimed at measuring monodispersed
emulsions.

6.4.2.4 Comparison of the processes regarding droplet size by DLS, LD and optical mi-
croscopy

From previous sections, optimal conditions were determined for each process in order to compare
droplets size. For PME, the condition selected was cycle 4, for MF, 1000 bars and cycle 5, for US, 5
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Figure 6.4: Effect of US duration from 1 min to 5 min on particle size distribution in intensity by
DLS a) and effect of US duration and intensity on Z-average and PDI b)

min at 60% US intensity. In this section, only results obtained at these conditions are presented.
Size distributions in intensity obtained by DLS and in volume obtained by LD are presented on
Figure 6.4 a) and b) respectively. With DLS (Fig 6.5a), the three size distributions were strictly
below 1 μm. PME presented the bigger droplet size but narrower size distribution; US a large size
distribution and intermediate mean size; and MF, the smallest size and medium dispersity.

With LD (Fig 6.5b), the volume size distribution for nanoemulsions prepared by PME was similar
to the one obtained by DLS. However, for the two other processes, LD and DLS gave very different
size distributions. Indeed, bimodal distributions instead of monomodal were obtained with a
first peak between 50 nm and 300 nm corresponding to DLS measurements and a second peak
between 300 nm and 1 μm. Moreover, nanoemulsions produced with US showed two small peaks
at around 1.5 μm and 2.5 μm.

These observations are confirmed by the mean size and dispersity by DLS and LD presented on
Table 6.2. The nanoemulsions obtained by PME presented a mean droplet size value of 335 nm
and 333 nm by DLS and LD respectively, a PDI of 0.09 and Span of 0.56. This corroborates the re-
sults shown on Figure 6.5, both analytic methods confirmed a monodisperse nanoemulsion with
a mean size value of around 330 nm. On the contrary, nanoemulsions obtained by MF presented
different mean size and dispersity by DLS and LD. The mean droplet size was 40 nm bigger with LD
than with DLS. But more importantly LD and DLS gave different dispersities. Indeed, nanoemul-
sion produced by MF presented a Span of 2.75 and could be considered as polydispersed whereas
a PDI of 0.14 by DLS indicated s a monodispersed sample. Same observation can be made for the
nanoemulsions obtained by US, the difference in mean size obtained by DLS and LD was small,
14 nm smaller by LD, but the dispersities were much different. PDI was measured at 0.19 with
DLS, which was considered as quite monodispersed and Span at 2.04 indicating a polydispersed
distribution.

A third observation method, optical microscopy, was used to confirm the presence of microscopic
droplets (> 1 μm).

On Figure 6.6, four photographies are presented, two of nanoemulsions obtained with MF at 1000
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Figure 6.5: Comparison of size distribution in intensity by DLS a) and in volume by LD b) for the
three different processes PME,MF and US for selected conditions

Table 6.2: Summary of size results for the three different processes PME,MF and US for selected
conditions

bars, at cycle 1: Figure 6.6a) and at cycle 5: Figure 6.6b). Figure 6.6c) shows an emulsion pro-
duced with US at 60% intensity during 5 min and finally Figure 6.6d) an emulsion produced by
PME at cycle 4. On Figure 6.6a), we observe several droplets bigger than 1 μm and droplets up
to 5.6 μm were measured. Figure 6.6b) shows that most micron size droplets disappeared after
5 cycles but some were still present with size between 1 and 3 μm, in agreement with what was
observed on Figure 6.5 by LD. Figure 6.6c) shows the nanoemulsion produced by US, with also
micron size droplets. Droplets between 1 and 5 μm were observed which is in agreement with the
size distribution by LD presented on Figure 6.5. On the contrary, for nanoemulsions prepared by
PME (Figure 6.6d), no droplets can be seen even if the magnificence factor was 100 instead of 40
for the other photographies. This is also in agreement with the droplet size distribution obtained
with LD.
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Figure 6.6: Optical microscopy photographs at x40 of three emulsions a) first cycle of MF at 1000
bars; b) fifth cycle of MF at 1000 bars; c) 5 min at 60% intensity US; and one at x 100, d) fourth cycle
of PME

Stability assessment was made by DLS and presented on Figure 6.7. Droplet size distributions at
each selected condition for each process are presented at t0, just after production, at t+2 weeks
and at t+3 months measured 15 days and 3 months after preparation, respectively, for samples
kept at 40o°C. Regarding nanoemulsion produced by PME, no difference in droplet size distri-
bution was observed between post production and t+3 months. For US, the size distribution
changed slightly but not significantly. Then for MF, the distribution became larger and mean
droplet size increased from 110 to 150 nm at 2 weeks and to 607 nm at 3 months. These results
were confirmed by LD and optical microscopy (data not shown).

6.4.3 Effect of the process on API degradation

Results presented in this section were obtained at the optimal conditions determined previously
for each process. AtRA degradation was negligible for each process and approximately 100% of
atRA was recovered at the end of the production (data not shown). AtRA stability was investigated
under accelerated and normal stability conditions including light and temperature over 2 weeks
(Figure 6.8).
The stability conditions investigated were ambient temperature in day light and protected from
day light, at 4oC protected from day light and at 40oC protected from day light. At 4oC, no degra-
dation of atRA occurred regardless of the process used, the lowest percentage being 97% after
2 weeks for PME and MF. At ambient temperature, in dark conditions, degradation started slowly
with the lowest percentage of 84% obtained for MF. No real difference was seen between the differ-
ent processes. To evaluate the process impact on atRA degradation and predict long term stability,
stressed stability at 40oC was done over 2 weeks. After 1 week, MF showed the lowest percentage
at 18% followed by PME at 67% and finally US seemed to present no degradation but a very high
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Figure 6.7: Comparison of size distributions in intensity (DLS) at t0, t+2 weeks and t+3months un-
der accelerated stability at (40oC) for nanoemulsions prepared by PME, MF and US with selected
conditions

standard deviation compared to the other processes. At 2 weeks, atRA completely disappeared
for MF whereas for PME and US it was still present at 35% and 54%, respectively. The chromatog-
raphy analysis showed a decrease of atRA within the nanoemulsion without any isomeration as
the principal isomers (13 cis, 9 cis and 11 cis) were not detected (Figure 6.9). In order to study
the process impact on atRA isomeration, stability under day light exposure was also performed
over 2 weeks. After one week, like with other conditions, MF was the most degraded down to 21%,
followed by PME, 35% and finally US with 41%. After two weeks the percentages became very low:
17% for MF, 22% for PME and 25% for US. This reduced atRA quantity under light was mainly due
to isomeration as the three isomers can be seen, peaks at 15.5 min for 9-cis-atRA, at 14 min for
13-cis-atRA and at 12.5 for 11-cis-atRA by chromatography analysis (Figure 6.9) and no difference
was observed between the three processes.
These data were completed by long term stability measurements at 3 months at 4oC and per-
centage were found to be 77%, 76% and 63% for nanoemulsions produced by US, PME and MF
respectively (data not shown), which is in accordance with accelerated stability.
Overall, the process which seems to degrade less atRA was US, followed closely by PME but na-
noemulsions produced by MF were significantly more degraded at the more extreme conditions
regarding temperature and light exposure.
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Figure 6.8: Stability of atRA nanoemulsions during 2 weeks: remained atRA was determined and
expressed as percentage of post-production content
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Figure 6.9: Peak areas at different retention times after 2 weeks in stability at day light exposure
and 40oC
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6.5 Discussion

Emulsions produced by US and MF at optimal conditions presented similar characteristics, with
very fine droplets below 200 nm but large size distribution. This large size distribution was not
seen by DLS which is not adapted to polydispersed samples. However, it was observed by two
other techniques, LD and optical microscopy. US is known to produce polydispersed samples
as only the suspension near the sonifier probe is affected by ultrasonic waves [153]. In MF, all
droplets need to experience the peak shear rate generated by a flow-producing device otherwise
the resulting emulsions are polydispersed [154]. This explains why several cycles are needed, and
this study shows that even after 5 cycles, micron size droplets were present in the sample. PME
presented a different droplet size distribution profile, the optimized sample had a mean value of
335 nm and a good monodispersity confirmed by DLS, LD and optical microscopy showing no
micron sized droplets. These results were similar to the ones obtained previously with this set-up
and the same surfactant system [124].
In terms of stability, nanoemulsions produced by PME and US did not present any destabilization
over 3 months under stressed stability at 40oC. On the contrary, MF showed emulsion droplets
36% bigger after 2 weeks and 452% after 3 months. These nanoemulsions can be considered un-
stable.
The three processes produced nanoemulsions that can be used in intravenous applications. How-
ever, MF and US will loose expensive active ingredients during the filtration/sterilization step
where micron droplets would be removed. On the contrary, a sterile nanoemulsion can be ob-
tained by PME, if the membrane is sterilized as the final pore size used is 0.2 μm [59]. Thus PME
could be a one step process of emulsification/sterilization with no active ingredient loss and pre-
senting advantages regarding economical aspects.
The three processes had a small impact on at-RA degradation during emulsification and no dif-
ference was observed. For this reason and considering the variation of input energy between the
three processes, the impact of emulsification process on atRA was evaluated in stability study.
After 2 weeks, no significant degradation was seen at 4oC and at ambient temperature protected
from light. However, at 40oC and day light conditions, nanoemulsions produced by MF were more
degradated than the ones obtained by other processes. US and PME showed similar behavior but
US produced nanoemulsions even less sensible to degradation.
Similar degradation profile was previously observed on other colloidal formulation of atRA. For
solid lipid nanoparticles of atRA, prepared also for parenteral administration, rapid degradation
was observed by light (in 10 h) and also by the storage at 4oC (about of 50% after 1 month) [155].
This degradation could be due to the use of high-pressure homogenizer during SLN preparation
and the authors proposed lyophilization or adding anti-oxidant agent to enhance the storage. In
our study, storage at 4oC will be recommended as the nanoemulsions prepared by US and PME
showed slow degradation over 3 months. In a final formulation for a parenteral application, an an-
tioxidant can be added to improve atRA stability. However, accelerated stability (40oC) indicated
rapid degradation for nanoemulsion prepared by MF together with greater long term instability
at 4oC than the other processes.
This difference in degradation rate between processes might be explained by the temperature
increase in MF which was up to 73oC at 2000 bars and fifth pass. Indeed, MF requires a high energy
input per unit volume (E/V), E/V = 108 J.m−3 with a lot of heat loss by viscous dissipation. US
requires nearly the same E/V as MF [156], however in our study, an ice bath was used preventing
a high temperature increase. This can explain why the lowest degradation was seen with this
process. PME, working at around 50 bars, requires nearly 3 orders of magnitude lower energy
E/V=5 x 105 J.m−3 compared to US or MF, which can explain the lower degradation observed.

6.6 Conclusion

In this study, O/W nanoemulsions for parenteral administration of at-RA were prepared success-
fully by MF, US and PME. First, the composition parameters were investigated in order to fulfill
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the requirement of a parenteral nanoemulsion.
Three processes were studied regarding the influence of the production parameters on droplet
size by DLS, LD and optical microscopy. It was found that for PME, droplet size distributions were
all monodispersed and except for cycle 1, all below 500 nm, reaching 335 nm at cycle 4. DLS and
LD measurements were similar and no micron size droplet was seen by optical microscopy. For
MF, after cycle 1, the nanoemulsions presented all low PDI and a mean droplet size below 200 nm
by DSL. However, by LD and optical microscopy, bigger droplets above 500 nm and a very large
dispersity were measured. By US, after 5 min, all nanoemulsions were below 200 nm but with
quite high PDI. By LD and optical microscopy, some bigger droplets were seen above 1μm. More-
over, nanoemulsions produced by US appeared to be more polydispersed. In stressed stability,
nanoemulsions produced by US and PME did not change over 3 months. Those produced by MF,
on the contrary showed a drastic increase in droplet size of 426% after 3 months. Nanoemulsions
produced by MF were found unstable under stress conditions.
Also, the three processes were evaluated for their impact of drug degradation and no difference
was seen. In stability, no significant difference was observed of atRA degradation at t0 and after
2 weeks of storage at 4oC and dark ambient temperature. However, atRA nanoemulsion exposed
to 40oC or day light showed rapid atRA degradation with significant differences between the three
processes. Nanoemulsions prepared by US showed the best overall resistance to degradation,
followed by the one produced by PME and finally by MF which was totally degradated after 2
weeks at 40oC and showed the higher degradation under light exposure.
In conclusion, all processes are suitable to produce injectable nanoemulsions but only PME was
adapted to thermosensitive actives with the potential of large scale production. Moreover, in
terms of droplet size, PME produced monodispersed droplets of 330 nm compared to the other
processes which produced nanoemulsions of around 150 nm but with the presence of micron
size droplets combined with droplet instability over 3 months for MF. Therefore, PME could be an
alternative industrial process for parenteral emulsions manufacturing with no additional steril-
ization step and a lower energy requirement.

138



CHAPTER 6. COMPARISON OF THREE PROCESSES FOR PARENTERAL
NANOEMULSION PRODUCTION: ULTRASOUNDS, MICROFLUDIZER AND PREMIX
MEMBRANE EMULSIFICATION

Complementary datas

Complementary measurements on effect of processes on stability of the final nanoemulsions have
been performed.
On Figure 6.10, size distributions measured by LD for the nanoemulsions produced by the three
processes at t0 after production and kept in stability for 3 months at 40oC are presented. We ob-
served the same evolution as presented in Figure 6.7 by DLS. Nanoemulsions produced by PME
and US did not destabilize over 3 months in stress conditions, droplet size distributions were ex-
actly the same. However, nanoemulsions produced by MF presented a severe degradation with
a drastic increase of the size distribution. The emulsion produced by MF was found unstable in
stressed conditions with LD measurement.

Figure 6.10: Comparison of size distributions in volume (LD) at t0, t+2 weeks and t+3months accel-
erated stability at 40oC for the three different processes PME, MF and US for selected conditions

The effect of MF cycle on destabilization at 40oC at 3 months has also been investigated and size
distribution results for cycle 1, cycle 3 and cycle 5 are presented on Figure 6.11. We observe that
the nanoemulsion produced at cycle 5 was more destabilized than the one at cycle 3, their mean
size value increased from around 110 nm to 295 nm and 607 nm for cycle 3 and cycle 5 respectively.
Finally, the emulsion that underwent less destabilization was the one obtained at cycle 1 for which
the mean size varied from 167 nm to 230 nm.
These results showed that by increasing cycle number in MF, polydispersity and mean size were
reduced but this may not be a good choice for stability issues.

The stability was observed at accelerated conditions at 40oC. Comparison of results at ambient
temperature at 2 weeks and 3 months are presented on Figure 6.12 to verify if the same phenom-
ena were observed. For samples kept at ambient temperature, mean droplet size and dispersity
increased with time but slower than in stress conditions at 40oC. Nanoemulsions produced with
MF showed nearly the same size distribution when kept 2 weeks at 40oC or 3 months at ambient
temperature. Higher temperature led to faster destabilization which also occured at ambient tem-
perature. Keeping samples at 40oC was confirmed to be a good way to accelerate destabilization
of a sample and thus anticipate it.

With these complementary results we confirm by LD the results observed by DLS with similar size
distributions and similar mean values. Moreover, we showed that destabilization was a function
of the number of cycles with MF so a function of the energy given to the system. Increasing the
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Figure 6.11: Comparison of size distributions in intensity (DLS) at t0 and t+3months accelerated
stability at 40oC for the different cycle number in MF

Figure 6.12: Comparison of size distributions in intensity (DLS) at t0, t+2 weeks and t+3months for
different stability conditions, ambient temperature and 40oC for MF sample at cycle 5
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number of cycles to get smaller and less polydispersed samples may have negative impact on
stability. Then, we confirmed that destabilization which occurred rapidly at 40oC also occurred at
ambient temperature but slower.
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General conclusions of the work

The general aim of the work was to develop a PME process to produce nanoemulsions at large
scale with specific compositions related to the European project, PeptiCaps.

First, the production of O/W nanoemulsions down to 260 nm was shown to be possible with a
special set-up composed of a high pressure pump and a 125 mm long membrane. With this set-
up, batches up to 500 mL were produced with no change in droplet size and no pressure increase.
These nanoemulsions were stable for 9 months at room temperature.
This study was made with a model composition and the influence of oil and surfactant concentra-
tions are important parameters which affect the resulting pressure and droplet size. Oil content
and viscosity were pointed out to have a great influence on the pressure generated through the
membrane and so on the feasibility of the process.
Moreover, process parameters were also investigated, related to larger scale production (flowrate
and membrane length) and to the final droplet size of the emulsion (pore size and number of
cycles).
The results were either in agreement with what was observed at micron size and already reported
in the literature or new observations. Droplet size decreased with flowrate increase. The increase
of membrane surface by a certain factor led to an increase in flowrate with the same factor with
no change in pressure or droplet size. The droplet size varied linearly with membrane pore size,
offering a great tunability of resulting droplet size. Moreover, one single cycle appeared to be
sufficient to achieve monodispersity contrary to what was observed with polymeric membranes
[53, 94, 110, 111].

Then, we focused on the production of W/O nanoemulsions and understanding the influence of
viscosities on nanoemulsion production by PME in terms of pressure and droplet sizes. In order to
investigate viscosity effect, the water phase viscosity was modified by adding glycerol at different
concentrations, the oil phase viscosity by using mineral oils of different viscosities and the overall
emulsion viscosity by increasing the dispersed phase content of the emulsion.
The resulting pressure was shown to be the addition of three pressures: the pressure required
to break up the droplets inside the membrane pores, ΔPdi s , which did not depend on viscosi-
ties, contrary to the pressures generated by the flows through the pipe ΔPpi pe and the membrane
ΔP f low , that were proportional to the viscosity of the overall emulsion.
W/O nanoemulsions were more difficult to produce and to characterize but thanks to the original
set-up which allows working at pressures up to 65 bar and high flowrates, W/O mineral oil na-
noemulsions were produced with mean droplets size around 600 nm and flow rate of 50 mL/min.

In a following part, the results obtained showed that the process developed allows the production
of nanoemulsions of different composition and different requirements, in particular, the compo-
sitions specified by our European partners from PeptiCaps project. Their originality is that the
surfactants used, PP1 for O/W emulsions and PP2 for W/O emulsions are amphiphillic polypep-
tides. Thus, O/W nanoemulsion of droplet size of D50 = 837 nm were produced with a composition
of 10% EHP and 2% PP1. Also W/O nanoemulsions of around 600 nm were produced with a com-
position of 10% 30/70 citrate buffer/glycerol mixture, 1% PP2, 18% Ewocream and 72% MCT. Both
O/W and W/O nanoemulsions were produced at a maximum flowrate of 50 mL/min.

Finally, the set-up developed was compared to Microfluidizer and ultrasounds, the more common
processes for nanoemulsions production. These processes were evaluated for the production of
all-trans retioinc acid nanoemulsions because of the interest of this molecule and its route of ad-
ministration for pharmaceutical applications. In terms of droplet size, PME produced a stable
monodispersed droplets of 335 nm compared to the other processes which produced nanoemul-
sions of around 150 nm but with the presence of micron size droplets combine with droplet insta-
bility over 3 months for MF.
Thus, PME could be an interesting alternative to other processes for nanoemulsion production,
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for example nanoemulsions suitable for injection, with no need of adding a filtration step in order
to remove bigger droplets, creating API loss.
To conclude, the high pressure PME developed can be used for different applications with the
advantages of high monodispersity, improved stability, easy scalability, good tunability of final
droplet size and lower energy consumption.

Perspectives

Perspectives of future studies and applications are the following:

• Other formulations could be produced with the set-up developed such as SLN (with addi-
tion of an heating system to the set-up), double emulsions (first to form W/O emulsions and
then W/O/W) or nanocapsules if the process is coupled with an encapsulation technique.

• Other membrane types can be tested to see if their pressure resistance is better in order to
work at higher pressure and to be able to reach smaller droplet sizes.

• Further investigation of the effect of microfluidizer on destabilization processes with other
formulations to gain a better understanding of the phenomena involved.

• Lastly, going to larger scale is a challenging perspective. Longer membrane and two pumps
in parallel can be used to improve flowrate and to work continuously.
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A.1 "Proof of concept" set-up results

A.1.1 Model composition

As presented in Chapter 2, the process was first developed on a "proof of concept" set-up to be
able to increase the pressure safely. The idea was first to test the ability of the SPG membrane to
resist to higher pressures and thus to produce nanoemulsions. The first concluding results are
presented in Figure A.1. With this set-up we were able to produce monodispered nanoemulsions
of D50 = 855 nm with a 0.5 μm membrane and D50 = 261 nm with a 0.2 μm pore size membrane.
These nanoemulsions were produced at moderate pressure, under 50 bars with no issues regard-
ing membrane resistance to pressure.

Figure A.1: Size distribution in volume with different membranes with a composition of 10% EHP
and 5% Span 80 and Tween 20 mix

These first results confirmed that nanoemulsions could be produced by PME and encourage us to
develop a pilot scale set-up which allows a production in a controllable way.
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A.1.2 PeptiCaps composition

The final aim of this study being to produce nanoemulsions with polypeptidic surfactant, the
"proof of concept" set-up was also tested with PP1. These first results are presented on Figure
A.2 at 1% PP1 and on Figure A.3 with 5% PP1. On these figures, only membrane pore sizes were
changed. The composition was kept constant at 10% EHP and 1% PP1.
On Figure A.2, we see that droplet size was reduced by passing through the membrane but the
process did not produced monodipersed emulsions of controlled size, moreover nanoemulsions
could not be reached with this composition.

Figure A.2: Size distribution in volume with membranes of different pore size with 10% EHP and
1% PP1 in citrate buffer at pH 5.5

On Figure A.3, PP1 concentration was increased to 5% in order to produced smaller emulsions.
With the 1.1 μm membraen, monodispersed emulsions of D50 = 1,2 μm were produced containing
a small amount of bigger droplets, certainly due to the variation of the pressure in this set-up.
With this composition, 70 bars was already required instead of 15 bars required to go through a
0.5 μm membrane with the model composition. Then, in order to produce nanoemulsions, this
emulsion of D50 = 1,2 μm was passed through a 0.5 μm membrane. A sub-micron emulsion was
successfully produced at 80 bars with a D50 = 838 nm, however still some bigger droplets were
obtained due to the variation in pressure.
These results confirmed that sub-micron emulsions of specific composition could be produced by
PME at moderate pressure. They also suggest that a pilot scale set-up to produce nanoemulsions
in a controllable way could be developed.
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Figure A.3: Size distribution in volume for 10% EHP and 5% PP1 concentration and with the 0.8
μm membrane in citrate buffer at pH 5.5

A.2 Preliminary results with a 1.1 μm pore size membrane

First the set-up was used to produce emulsions droplets at microscale with a 1.1 μm membrane.
The aim of this study was to handle the set-up and verify that the phenomenon observed were the
same as the ones described in the literature for PME.
On Figure A.4, droplet size distribution for the premix emulsion obtained by magnetic stirring,
emulsion obtained with a rotor-stator at 10 000 rpm during 3 min, and emulsions obtained with
PME with membrane of 1.1, 2 and 5 μm pore size are presented. We observed that membranes led
to more monodispersed emulsions than rotor-stator or stirrer, and that a precise size control was
achievable by choosing the membrane pore size.
Figure A.5 presents the influence of membrane length on resulting pressure and mean droplet
size with a 1.1 μm pore size membrane. Resulting pressures and droplets sizes were proportional
disregarding of membrane length. Moreover, the longer membrane was able to work at higher
flowrate for the same resulting pressure.
The influence of flowrate on droplet size distribution for a 1.1 μm pore size membrane is presented
on Figure A.6. We observe that droplet size decreased with increasing flowrate. Additionally, at
high flowrate the droplets became smaller than the pore size, this is due to the oil jet phenomenon
and is described in the literature review in section 1.2.3.3.
On Figure A.7, the influence of oil concentration at a constant surfactant to oil ratio on resulting
pressure for a 1.1 μm membrane is presented. It was observed that the resulting pressure was
highly dependent on oil droplets concentration and was proportional to it, from pure water to
40% oil.
These results confirms that the set-up developed and the procedure used allow to obtain the same
observations as reported in the literature and detailed in chapter 1 for membranes with pore sizes
of some microns.
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Figure A.4: Size distribution in volume for different membrane pore sizes at 200 mL/min, 10% EHP
and 5% surfactants

Figure A.5: Influence of membrane length on resulting pressure and size with 1.1 μm membrane
at 10% EHP and 5% surfactants
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Figure A.6: Size distribution in volume for different flowrates with 1.1 μm membrane 10% EHP and
5% surfactant

Figure A.7: Resulting pressure variation with oil concentration at a surfactant/oil ratio of 10% with
1.1 μm membrane

151



APPENDIX A. APPENDIXES

152



Bibliography

[1] T. F. Tadros, Emulsion formation and stability, John Wiley & Sons, 2013.

[2] A. Mihranyan, N. Ferraz, M. Strømme, Current status and future prospects of nanotechnol-
ogy in cosmetics, Progress in Materials Science 57 (5) (2012) 875–910. doi:10.1016/j.

pmatsci.2011.10.001.
URL http://linkinghub.elsevier.com/retrieve/pii/S0079642511001046

[3] H. D. Silva, M. A. Cerqueira, A. A. Vicente, Nanoemulsions for Food Applications: De-
velopment and Characterization, Food and Bioprocess Technology 5 (3) (2012) 854–867.
doi:10.1007/s11947-011-0683-7.
URL http://link.springer.com/10.1007/s11947-011-0683-7

[4] M. Nomura, H. Tobita, K. Suzuki, Emulsion Polymerization: Kinetic and Mechanistic As-
pects, Springer Berlin Heidelberg, Berlin, Heidelberg, 2005, pp. 1–128. doi:10.1007/

b100116.
URL https://doi.org/10.1007/b100116

[5] M. Rondón, P. Bouriat, J. Lachaise, J.-L. Salager, Breaking of water-in-crude oil emulsions. 1.
physicochemical phenomenology of demulsifier action, Energy & Fuels 20 (4) (2006) 1600–
1604. arXiv:https://doi.org/10.1021/ef060017o, doi:10.1021/ef060017o.
URL https://doi.org/10.1021/ef060017o

[6] S. van der Graaf, C. G. P. H. Schroën, R. M. Boom, Preparation of double emulsions by
membrane emulsification a review, Journal of Membrane Science 251 (1-2) (2005) 7–15.
doi:10.1016/j.memsci.2004.12.013.
URL http://linkinghub.elsevier.com/retrieve/pii/S0376738804008312

[7] J. W. Gibbs, On the equilibrium of heterogeneous substances, American Journal of Sci-
ence Series 3 Vol. 16 (96) (1878) 441–458. arXiv:http://www.ajsonline.org/content/
s3-16/96/441.full.pdf+html, doi:10.2475/ajs.s3-16.96.441.
URL http://www.ajsonline.org/content/s3-16/96/441.short

[8] T. Tadros, P. Izquierdo, J. Esquena, C. Solans, Formation and stability of nano-emulsions,
Advances in Colloid and Interface Science 108-109 (2004) 303–318. doi:10.1016/j.cis.
2003.10.023.
URL http://linkinghub.elsevier.com/retrieve/pii/S000186860300157X

[9] P. Brochette, Emulsification – élaboration et études des émulsions, no. J 2150, Ed. Tech-
niques Ingénieur, 1999.

[10] M. E. Helgeson, Colloidal behavior of nanoemulsions: Interactions, structure, and rheology,
Current Opinion in Colloid & Interface Science 25 (2016) 39–50. doi:10.1016/j.cocis.

2016.06.006.
URL http://linkinghub.elsevier.com/retrieve/pii/S1359029416300644

153



BIBLIOGRAPHY

[11] D. Evans, H. Wennerström, The Colloidal Domain: Where Physics, Chemistry, Biology, and
Technology Meet, Advances in Interfacial Engineering, Wiley, 1999.
URL https://books.google.fr/books?id=XPjvAAAAMAAJ

[12] T. Delmas, H. Piraux, A.-C. Couffin, I. Texier, F. Vinet, P. Poulin, M. E. Cates, J. Bibette, How To
Prepare and Stabilize Very Small Nanoemulsions, Langmuir 27 (5) (2011) 1683–1692. doi:
10.1021/la104221q.
URL http://pubs.acs.org/doi/abs/10.1021/la104221q

[13] A. Kabalnov, A. Pertzov, E. Shchukin, Ostwald ripening in emulsions: I. direct observations
of ostwald ripening in emulsions, Journal of Colloid and Interface Science 118 (2) (1987)
590–597.

[14] M. J. Rosen, J. T. Kunjappu, Surfactants and interfacial phenomena, John Wiley & Sons, 2012.

[15] G. W. C., Calculation of hlb values of non-ionic surfactants, Journal of the Society of Cos-
metic Chemists (5) (1954) 249–256.

[16] J. T. Davies, A quantitative kinetic theory of emulsion type. I. Physical chemistry of the emul-
sifying agent, Proc. 2nd Intern. Congr. Surface Activity, Butterworths Scientific Publication,
London 426.

[17] R. Pons, Polymeric surfactants as emulsion stabilizers, Amphiphilic Block Copolymers: Self-
Assembly and Applications. (2000) 409–22.

[18] R. S. Lam, M. T. Nickerson, Food proteins: a review on their emulsifying properties using a
structure–function approach, Food Chemistry 141 (2) (2013) 975–984.

[19] T. M. Allen, P. R. Cullis, Liposomal drug delivery systems: From concept to clinical applica-
tions, Advanced Drug Delivery Reviews 65 (1) (2013) 36–48. doi:10.1016/j.addr.2012.
09.037.
URL http://linkinghub.elsevier.com/retrieve/pii/S0169409X12002980

[20] S. U. Pickering, Cxcvi.-Emulsions, Journal of the Chemical Society, Transactions 91 (1907)
2001–2021. doi:10.1039/CT9079102001.
URL http://dx.doi.org/10.1039/CT9079102001

[21] X.-B. Xiong, Z. Binkhathlan, O. Molavi, A. Lavasanifar, Amphiphilic block co-polymers:
Preparation and application in nanodrug and gene delivery, Acta Biomaterialia 8 (6) (2012)
2017–2033. doi:10.1016/j.actbio.2012.03.006.
URL http://linkinghub.elsevier.com/retrieve/pii/S174270611200092X

[22] L. Zhao, N. Li, K. Wang, C. Shi, L. Zhang, Y. Luan, A review of polypeptide-based polymer-
somes, Biomaterials 35 (4) (2014) 1284–1301. doi:10.1016/j.biomaterials.2013.10.

063.
URL http://linkinghub.elsevier.com/retrieve/pii/S0142961213013070

[23] M. Nagasawa, A. Holtzer, The helix-coil transition in solutions of polyglutamic acid, Journal
of the American Chemical Society 86 (4) (1964) 538–543.
URL http://pubs.acs.org/doi/abs/10.1021/ja01058a002

[24] J. A. Hanson, C. B. Chang, S. M. Graves, Z. Li, T. G. Mason, T. J. Deming, Nanoscale double
emulsions stabilized by single-component block copolypeptides, Nature 455 (7209) (2008)
85–88. doi:10.1038/nature07197.
URL http://www.nature.com/doifinder/10.1038/nature07197

154



BIBLIOGRAPHY

[25] C. Solans, I. Solé, Nano-emulsions: Formation by low-energy methods, Current Opinion in
Colloid & Interface Science 17 (5) (2012) 246–254. doi:10.1016/j.cocis.2012.07.003.
URL http://linkinghub.elsevier.com/retrieve/pii/S1359029412000787

[26] K. Shinoda, H. Saito, The effect of temperature on the phase equilibria and the types of
dispersions of the ternary system composed of water, cyclohexane, and nonionic surfactant,
Journal of Colloid and Interface Science 26 (1) (1968) 70–74.

[27] C. Solans, D. Morales, M. Homs, Spontaneous emulsification, Current Opinion in Colloid &
Interface Science 22 (2016) 88–93. doi:10.1016/j.cocis.2016.03.002.
URL http://linkinghub.elsevier.com/retrieve/pii/S1359029416300309

[28] K. Bouchemal, S. Briançon, E. Perrier, H. Fessi, Nano-emulsion formulation using spon-
taneous emulsification: solvent, oil and surfactant optimisation, International Journal of
Pharmaceutics 280 (1-2) (2004) 241–251. doi:10.1016/j.ijpharm.2004.05.016.
URL http://linkinghub.elsevier.com/retrieve/pii/S0378517304003072

[29] S. Gibaud, D. Attivi, Microemulsions for oral administration and their therapeutic ap-
plications, Expert Opinion on Drug Delivery 9 (8) (2012) 937–951, pMID: 22663249.
arXiv:https://doi.org/10.1517/17425247.2012.694865, doi:10.1517/17425247.
2012.694865.
URL https://doi.org/10.1517/17425247.2012.694865

[30] M. A. Malik, M. Wani, M. Hashim, Microemulsion method: A novel route to synthesize or-
ganic and inorganic nanomaterials., Arabian Journal of Chemistry 5.

[31] J.-P. Canselier, M. Poux, Procédés d’émulsification, Ed. Techniques Ingénieur, 2004.

[32] E. L. Paul, V. A. Atiemo-Obeng, S. M. Kresta, Handbook of industrial mixing: science and
practice, John Wiley & Sons, 2004.

[33] Y.-F. Maa, C. Hsu, Liquid-liquid emulsification by rotor/stator homogenization, Journal of
Controlled Release 38 (2-3) (1996) 219–228.

[34] S. L. Anna, Droplets and bubbles in microfluidic devices, Annual Review of
Fluid Mechanics 48 (1) (2016) 285–309. arXiv:https://doi.org/10.1146/

annurev-fluid-122414-034425, doi:10.1146/annurev-fluid-122414-034425.
URL https://doi.org/10.1146/annurev-fluid-122414-034425

[35] P. Zhu, L. Wang, Passive and active droplet generation with microfluidics: a review, Lab Chip
17 (2017) 34–75. doi:10.1039/C6LC01018K.
URL http://dx.doi.org/10.1039/C6LC01018K

[36] M. Manea, A. Chemtob, M. Paulis, J. C. de la Cal, M. J. Barandiaran, J. M. Asua, Miniemulsifi-
cation in high-pressure homogenizers, AIChE Journal 54 (1) (2008) 289–297. doi:10.1002/
aic.11367.
URL http://doi.wiley.com/10.1002/aic.11367

[37] S. Schultz, G. Wagner, K. Urban, J. Ulrich, High-Pressure Homogenization as a Process for
Emulsion Formation, Chemical Engineering & Technology 27 (4) (2004) 361–368. doi:10.
1002/ceat.200406111.
URL http://doi.wiley.com/10.1002/ceat.200406111

[38] J. Floury, J. Legrand, A. Desrumaux, Analysis of a new type of high pressure homogeniser.
Part B. study of droplet break-up and recoalescence phenomena, Chemical Engineering Sci-
ence 59 (6) (2004) 1285–1294. doi:10.1016/j.ces.2003.11.025.
URL http://linkinghub.elsevier.com/retrieve/pii/S0009250904000363

155



BIBLIOGRAPHY

[39] L. Lee, I. T. Norton, Comparing droplet breakup for a high-pressure valve homogeniser and
a Microfluidizer for the potential production of food-grade nanoemulsions, Journal of Food
Engineering 114 (2) (2013) 158–163. doi:10.1016/j.jfoodeng.2012.08.009.
URL http://linkinghub.elsevier.com/retrieve/pii/S0260877412003925

[40] V. Ghosh, A. Mukherjee, N. Chandrasekaran, Ultrasonic emulsification of food-grade na-
noemulsion formulation and evaluation of its bactericidal activity, Ultrasonics Sonochem-
istry 20 (1) (2013) 338–344. doi:10.1016/j.ultsonch.2012.08.010.
URL http://linkinghub.elsevier.com/retrieve/pii/S1350417712001782

[41] M. Y. Koroleva, E. V. Yurtov, Nanoemulsions: the properties, methods of preparation and
promising applications, Russian Chemical Reviews 81 (1) (2012) 21–43.

[42] A. Maali, M. T. H. Mosavian, Preparation and application of nanoemulsions in the last
decade (2000–2010), Journal of Dispersion Science and Technology 34 (1) (2013) 92–105.
arXiv:https://doi.org/10.1080/01932691.2011.648498, doi:10.1080/01932691.
2011.648498.
URL https://doi.org/10.1080/01932691.2011.648498

[43] O. G. Jepps, Y. Dancik, Y. G. Anissimov, M. S. Roberts, Modeling the human skin barrier — to-
wards a better understanding of dermal absorption, Advanced Drug Delivery Reviews 65 (2)
(2013) 152 – 168. doi:https://doi.org/10.1016/j.addr.2012.04.003.
URL http://www.sciencedirect.com/science/article/pii/S0169409X12001226

[44] M. N. Yukuyama, D. D. M. Ghisleni, T. J. A. Pinto, N. A. Bou-Chacra, Nanoemulsion: pro-
cess selection and application in cosmetics - a review, International Journal of Cosmetic
Sciencedoi:10.1111/ics.12260.
URL http://doi.wiley.com/10.1111/ics.12260

[45] A. G. Floyd, Top ten considerations in the development of parenteral emulsions, Pharma-
ceutical Science & Technology Today 2 (4) (1999) 134–143.
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French abstract (Résumé en Français)

Contexte du travail de thèse

Ce travail s’inscrit dans le cadre de projet européen PeptiCaps, au sein duquel le laboratoire (LAGEPP)
a pour objectif de développer un procédé membranaire à l’échelle pilote pour produire des nanoé-
mulsions H/E et eau-dans-huile E/H avec les tensioactifs polypeptidiques du projet.
Les nanoémulsions sont des systèmes dispersés de deux liquides non miscibles ayant une taille
de gouttelettes inférieure à 1000 nm. Elles présentent un grand intérêt industriel car leur petite
taille de gouttelettes leur confère une grande stabilité.
De plus, cette taille nanométrique engendre d’autres propriétés intéressantes telles qu’une amélio-
ration de la pénétration à travers les différentes barrières du corps humain, une amélioration de
la biodisponibilité de médicaments, mais aussi, pour des applications cosmétiques, un meilleur
profil sensoriel. Les nanoémulsions constituent également la première étape de techniques de
nanoencapsulation qui permettent la production de systèmes d’administration de médicaments
stables et fonctionnalisables.

Les nanoémulsions sont plus difficiles à produire que les macroémulsions. Une énergie élevée
doit être fournie au système afin de dépasser la tension interfaciale. Les nanoémulsions sont
produites par deux principaux types de procédés, les procédés à basse et à haute énergie. Les
procédés à basse énergie reposent sur les propriétés physico-chimiques des composants et né-
cessitent donc l’utilisation de tensioactifs et/ou de co-tensioactifs spécifiques en forte concentra-
tion. Leurs principes reposent sur une formation dite spontanée de gouttelettes d’huile donc sans
apport d’énergie mécanique. Des techniques telles que l’inversion de phase en composition ou en
température, l’émulsification dans le domaine de la microémulsification et la nanoprécipitation
sont utilisées.
Les procédés à haute énergie sont plus courants, notamment au niveau industriel. En effet, ils
permettent une plus grande liberté dans le choix de la composition. Les nanoémulsions sont
obtenues à l’aide d’énergie mécanique générant d’intenses forces de division. A l’échelle indus-
trielle, les homogénéisateurs haute pression sont majoritairement utilisés et à l’échelle du labo-
ratoire c’est la sonication. Ces techniques génèrent des nanoémulsions avec une taille de gout-
telettes très petites, mais on obtient habituellement des distributions de taille larges avec la son-
ication et plusieurs cycles sont nécessaires avec l’homogénéisateur haute pression pour obtenir
des distributions de tailles monodisperses.

L’émulsification membranaire nécessitant moins d’énergie, a été mise au point pour la produc-
tion d’émulsions. Les avantages de l’émulsification membranaire sont: un faible taux de cisaille-
ment, un contrôle précis de la taille finale des gouttelettes et une distribution granulométrique
étroite.
Les deux configurations principales sont l’émulsification membranaire directe et celle par prémix.
En émulsification directe, la phase dispersée est poussée à travers les pores de la membrane dans
une phase continue agitée ou en circulation. L’un des principaux inconvénients pour la prépa-
ration de nanomémulsions est que l’émusification directe nécessite des débits très faibles de la
phase dispersée et donc ne peut pas convenir à d’importants volumes de production ou à des
émulsions concentrées.
En émulsification par prémix, une émulsion grossière appelée prémix est poussée à travers les
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pores de la membrane, réduisant ainsi la taille des gouttelettes et la distribution de taille. Le débit
de l’émulsion produite est généralement beaucoup plus élevé et des concentrations plus élevées
en gouttelettes sont obtenues.
Dans ces procédés, les membranes SPG, polymériques ou micro-usinées sont les plus couram-
ment utilisées. Généralement, les membranes SPG sont choisies pour l’émulsifica-tion direct et
les membranes polymériques pour l’émulsification par prémix. De nombreuses configurations
de membranes existent en fonction de la forme de la membrane, plane ou tubulaire, du type de
membranes et de l’échelle de production requise.
L’émulsification par prémix est décrite dans la littérature pour un grand nombre de compositions
différentes pour des applications alimentaires ou pharmaceutiques. Des émulsions H/E ou dou-
bles sont principalement produites, mais aussi quelques émulsions E/H. La taille des gouttelettes
est généralement supérieure à 1 μm. C’est seulement il y a 6 ans, qu’une équipe a commencé à
décrire la production de nanoémulsions H/E à petite échelle avec un procédé membranaire util-
isant principalement des membranes polymériques.

Questions de recherche

À partir de ces observations, nous constatons qu’aucune installation ne permet la production
de nanoémulsion H/E et E/H avec un procédé membranaire à l’échelle pilote. Ainsi, certaines
questions se sont posées:

• Est-il possible de développer un procédé à membrane à l’échelle pilote pour produire des
nanoémulsions H/E et E/H?

• Quels paramètres ont un impact sur la faisabilité du procédé et la taille finale des gout-
telettes de nanoémulsions?

• Est-il possible de produire des nanoémulsions avec des compositions spécifiques (émul-
sions visqueuses, tensioactifs polypeptidiques ou l’injectiables)?

• Quels sont les avantages et les inconvénients du procédé membranaire par rapport à un
procédé industriel traditionnel pour la production de nanoémulsions?

Organisation du travail

La première étape a consisté à développer un procédé membranaire capable de produire des
nanoémulsions H/E et E/H à l’échelle pilote et de comprendre les paramètres de composition
et de procédé ayant une influence sur la faisabilité de l’émulsification et la taille des gouttelettes
obtenues.
Tout d’abord, les montages expérimentaux "preuve de concept" et la configuration finale dévelop-
pée sont présentées dans Matériel et Méthodes, ainsi que les méthodes de caractérisation, en
particulier les méthodes de mesure de taille, qui est un paramètre important dans notre étude.

La première partie des résultats se concentre sur la production de nanoémulsions H/E avec le
montage développé. Une émulsion grossière (prémix) a été injectée à travers la membrane avec
une taille de pores comprise entre 0,2 et 0,8 μm pour réduire et homogénéiser la taille des gout-
telettes.
L’effet de plusieurs paramètres a été étudié: paramètres du procédé (possibilité de changement
d’échelle, nombre de cycles, taille des pores de la membrane, débit) et de formulation (concen-
trations en huile et en tensioactif). Les nanoémulsions ont été préparées pour un volume de 500
mL, à un débit de production allant jusqu’à 200 mL/min en maintenant une pression inférieure à
60-65 bar. La taille des gouttelettes a varié linéairement avec la taille des pores de la membrane.
Ainsi, avec la plus petite membrane de taille de pore (0,2 μm), des nanoémulsions monodisperses
d’environ 260 nm de diamètre, stables pendant 9 mois à température ambiante ont été obtenues.



Dans la deuxième partie, nous avons décrit la production de nanoémulsion E/H avec le montage
mis au point et une membrane SPG avec une taille de pores de 0,5 μm.
L’effet des viscosités sur la pression et la taille des gouttelettes a été étudié dans un premier temps
sur des émulsions H/E: la viscosité de la phase aqueuse en augmentant la concentration de gly-
cérol, la viscosité de la phase huileuse avec des huiles minérales de viscosités différentes et la
viscosité globale de l’émulsion en augmentant la teneur en phase dispersée de l’émulsion.
La pression requise pour diviser les gouttelettes à l’intérieur des pores de la membrane ΔPdi s ne
dépend pas des viscosités, tandis que les pressions générées par le tuyau connectant la pompe
à la membrane ΔPpi pe et la membrane ΔP f low ont été trouvées proportionnels à la viscosité de
l’émulsion globale.
Les nanoémulsions E/H ont été plus difficiles à produire et à caractériser, mais grâce à notre in-
stallation fonctionnant à des pressions atteignant 60-65 bar et à des débits élevés, des nanoémul-
sions d’huile minérale E/H ont été produites avec une taille moyenne de gouttelettes de 600 nm
et un débit de 50 mL/min. De plus, les observations faites pour les nanoémulsions H/E ont été
confirmées pour les nanoémulsions E/H.

Nous avons ensuite préparé des nanoémulsions H/E et E/H dans le cadre du projet européen. Les
émulsions H/E et E/H ont été produites avec succès avec le polypeptide dibloc optimisé par nos
partenaires du projet et avec le montage développé dans notre laboratoire.
Tout d’abord, les paramètres ont été optimisés avec des compositions modèles de tensioactifs
disponibles dans le commerce. Pour les nanoémulsions H/E, les résultats ont été présentés dans
un chapitre précédent, pour les nanoémulsions E/H avec du PGPR, ils sont présentés dans ce
chapitre. Enfin, des nanoémulsions H/E et E/H avec des tensioactifs polypeptidiques, respective-
ment PP1 et PP2, ont été produites par émulsification membranaire par prémix.
Ces résultats montrent que le procédé développé permet la production de nanoémulsions de
compositions différentes. Ainsi, il peut être utilisé pour différentes applications avec certains
avantages: sa faible consommation d’énergie, ses conditions douces qui peuvent être meilleures
pour les actifs sensibles, sa sélectivité et la monodispersité des émulsions produites.

La dernière partie compare la production de nanoémulsion par plusieurs procédés. Pour cela,
une étude comparative a été réalisée entre un microfludizer, les ultrasons et l’émulsification par
prémix pour la production de nanoémulsions injectables d’acide all-trans-rétinoïque. Les dif-
férentes techniques ont été évaluées principalement en termes de caractérisation de la distrib-
tuion en taille des nanoémulsions, de la conservation de l’actif et de la stabilité. Cette étude
permet de répondre à la dernière question, en comprenant si le procédé développé présente
des avantages significatifs par rapport aux procédés conventionnels. En ce qui concerne la taille
des gouttelettes, l’émulsification par prémix a produit des gouttelettes monodisperses de 335 nm
par rapport aux autres procédés qui ont produit des nanoémulsions d’environ 150 nm mais avec
des gouttelettes de taille micronique détectées par diffraction laser et microscopie optique. Par
conséquent, les nanoémulsions PME conviennent également aux applications parentérales sans
étape de filtration supplémentaire requise. Aucune différence entre les trois procédés n’a été ob-
servée en ce qui concerne la dégradation de l’actif. Cependant, en stabilité, en particulier à 40oC,
le microfluidizer a provoqué une dégradation plus importante que les autres procédés et produit
une nanoémulsion instable, la taille des gouttelettes augmentant de 426% dans des conditions de
stress.

Conclusion générale

En conclusion, nous avons développé un procédé d’émulsification membranaire par pré-mix à
haute pression qui peut être utilisé pour différentes applications des nanoémulsions. Ces prin-
cipaux avantages sont: un contrôle précis de la taille finale de l’émulsion et une consommation
d’énergie réduite.
Ces caractéristiques en font un procédé potentiellement intéressant pour différentes industries
comme les cosmétiques, la pharmacie et l’agroalimentaire.



En particulier le contrôle de la taille, qui est primordial pour des applications injectables, par
exemple. En effet, la présence de goutelettes de taille importantes peut provoquer des embolies.

Perspectives

Les perspectives qui concernent le développement du procédé et les applications potentielles
sont les suivantes:

• D’autres formulations pourraient être produites avec le montage développé telles que des
particules lipidiques solides (avec l’ajout d’un système de chauffage), des émulsions dou-
bles (pour la première émulsification puis la deuxième) ou des nano-capsules si le procédé
est couplé à une technique d’encapsulation.

• D’autres types de membranes pourraient être testées pour voir si leur résistance à la pres-
sion permet de travailler à des pressions plus élevées afin d’atteindre des tailles de gout-
telettes plus petites.

• Etude approfondie de l’effet du microfluidiseur sur les processus de déstabilisation avec
d’autres formulations pour mieux comprendre les phénomènes impliqués.

• Enfin, il parait important d’augmenter le volume produit afin de tester le réel potentiel
d’industrialisation du procédé. Une membrane plus longue et deux pompes en parallèle
pourraient être utilisées pour augmenter le débit et travailler en continu.
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