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Chapter 4
Nanoemulsions as Optimized Vehicles 
for Essential Oils

Thaís Nogueira Barradas and Kattya Gyselle de Holanda e Silva

Abstract During the last few years, a great interested has been given in for nano-
technology applications in pharmaceutical technology. At the same time, there is a 
growing research effort in the search for healthier and safer products. In this con-
text, the use of naturally originate raw materials, essential oils for instance, rises as 
an interesting approach for replacing several synthetic active pharmaceutical ingre-
dients. However, these materials often feature low bioavailability, uncontrolled 
volatility or low long-term stability, which require novel encapsulation techniques. 
Therefore, research efforts have been focusing on nanoemulsion technology that is 
particularly suited to produce novel products. Nanoemulsions constitute one inter-
esting vehicle for enhancing solubility, stability and delivering natural oils, by 
encapsulating them into nanosized micelles with sizes ranging from 20–200 nm. 
They gather some unique characteristics as small size, increased surface area and 
stability which can increase efficiency and biological effects of pharmaceutical dos-
age forms.

The wide application of nanoemulsions to the encapsulation of bioactive mole-
cules still require much development in order to achieve the optimization of the 
obtention methods for large-scale production. This chapter includes an overview 
about nanoemulsion stability characteristics and the different approaches for obtain-
ing nanoemulsions, including high energy methods like high-pressure homogeniza-
tion, microfluidizers and ultrasonic homogenization, which are the most used 
approaches, and low energy methods such as phase inversion composition and 
phase inversion temperature, simple but still less reproduceable methods. In addi-
tion, we present the main aspects of nanoemulsion formulations, type of surfactants 
and oil phase, and the techniques for characterizing nanoemulsions, for example, 
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dynamic light scattering, zeta potential, microscopy and X-ray diffraction. Moreover, 
applications of nanoemulsions to pharmaceutical technological approaches for 
essential oils encapsulation, such as the improvement of bioactive oils bioavailabil-
ity and solubilization, masking unpleasant aspects of oils and enhancement of 
essential oils pharmacological activity are also discussed.

Keywords Nanoemulsions · Nanoencapsulation · Surfactants · Emulsification 
methods · Essential oils · Drug delivery

4.1  Introduction

Recently, the use of naturally originate bioactive molecules, especially natural anti-
oxidants and anti-microbial agents, has been rising. The search for natural products 
has been triggering more and more research in the development of suitable and 
stable formulations. Essential oils are bioactive molecules, being considered safe 
and biocompatible, offering a great range of benefits due to a complex composition 
of fatty acids, terpenes, triterpenes and many other lipophilic components, that can 
offer protection against dehydration, solar radiation, inflammation, insect attack, 
microorganisms, and viruses (Donsì and Ferrari 2016; Andreu et al. 2015; Bonferoni 
et al. 2017).

Many essential oils present proved antioxidant potential, preventing oxidation 
reaction and reducing the formation of free radicals, which are risk factors for cel-
lular damage and for chronicle diseases as cancer. However, one of the main chal-
lenges to formulate essential oils into a pharmaceutical product lies on low water 
solubility of most of oils, which impairs bioavailability of lipophilic components 
and stability in hydrophilic formulations. Moreover, many essential oils are highly 
volatile and labile, being unstable under many environmental conditions, as light 
exposure and oxidation. Those restrictions must be overcome during the develop-
ment of pharmaceutical formulations (Badgujar et al. 2014; Herman and Herman 
2015; Moghimi et al. 2016).

Nanoemulsions are nanosized colloidal dispersions with droplets within the 
nanometric scale, more often between 20 and 200 nm. Nanoemulsions are thermo-
dynamically stable isotropic systems in which two immiscible liquids are mixed to 
form a single phase by means of an emulsifying agent, i.e., a surfactant (Helgeson 
2016; Solans et al. 2005). Nanoemulsions have been considered of a great potential 
of industrial application in pharmaceutical, food, agrochemical, cosmetics and per-
sonal care products (McClements and Jafari 2018). Nanoemulsions are widely 
applied to encapsulate, protect and promote controlled release of lipophilic bioac-
tive molecules. Besides, nanoemulsions can also act as templates to produce other 
types of nanoparticles, such as solid lipid nanoparticles (SLN), nanostructured lipid 
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carriers (NLC), multiple emulsions and hydrogel-thickened nanoemulsions 
(Sutradhar and Amin 2013; McClements and Jafari 2018; Barradas et al. 2017).

Because of the reduced droplet size, nanoemulsions promote interesting charac-
teristics in comparison to conventional emulsions, i.e. macroemulsions. For 
instance, nanoemulsions present much larger surface area of dispersed phase in 
relation to the total volume of the dispersion than that observed in macroemulsions. 
Thus, droplet deformation-derived phenomena are typically higher for nanoemul-
sions than for conventional emulsions (Helgeson 2016). Besides, macroemulsions 
exhibit multiple light scattering, which provide them a white opaque appearance. In 
contrast, in nanoemulsions, droplets are much smaller than the wavelength of visi-
ble light. Hence, most of the nanoemulsions are optically transparent systems when 
droplet size is small enough, usually below 100 nm (McClements and Rao 2011).

The development of nanoemulsions as nanostructured carriers for pharmaceuti-
cal application requires an accurate selection of the components such as, surfac-
tants, and oils as well as the preparation method selected for nanoemulsion 
production. Special attention must be given to oily phase used as inner phase in 
oil-in-water nanoemulsions. In order to obtain nanoemulsions, a minimum energy 
input is necessary. Energy input can be achieved by applying work to the system, 
usually called “high energy” methods, of by modulating composition or tempera-
ture of the system, referred as “low energy” methods. Both methods require the 
same amount of energy for providing nanosized droplets, regardless if the energy 
is provided mechanically or thermodynamically (Helgeson 2016; McClements 
and Jafari 2018).

Nanoemulsions and polymeric micelles can be considered promising systems for 
encapsulation of essential oils since because of various advantages such as: sus-
tained and controlled release of bioactive molecules; solubilization of lipophilic 
substances as oils; they are suitable for administration under different routes; pro-
tection from chemical, environmental and enzymatic degradation of labile mole-
cules; controlled volatilization of essential oils, reduction of side effects and dose.

In this chapter, we provide an overview focused on formulation of oil-in-water 
nanoemulsions, as they can provide encapsulation of lipophilic components, and 
diverse approaches for nanoemulsions production. Additionally, we summarize the 
instability phenomena related to nanoemulsions and the recent applications of nano-
emulsions for the encapsulation of natural oils.

4.2  Nanoemulsions: General Aspects

Emulsions are heterogeneous colloidal systems, consisting of an immiscible liquid 
dispersed as droplets, i.e. disperse or inner phase in another immiscible liquid, i.e., 
continuous or outer phase, stabilized by a surfactant. When the continuous phase is 
an aqueous solution and the dispersed phase is an oil, the emulsion is called oil-in- 
water emulsion (Fig. 4.1a). On the other hand, when the dispersed phase is an aque-
ous solution and the continuous phase is constituted by an oil, the emulsion is called 
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water-in-oil emulsion (Fig. 4.1b). In all cases, an emulsifier agent or surfactant is 
needed to reduce interfacial tension between dispersed and continuous phases and 
provide stable systems. The nature of the surfactant and the stabilizing film pro-
vided by it, greatly influence general aspects of nanoemulsions, as long-term stabil-
ity, droplet size and charge, for example. In general, emulsified systems can be 
classified according to some physicochemical properties such as droplet size and 
preparation methods into macroemulsions, microemulsions and nanoemulsions.

The most important difference between nanoemulsions and macroemulsions lies 
in the droplet size, since both are thermodynamically unstable systems. 
Nanoemulsions usually show mean droplet size smaller than 200 nm, although there 
is no agreement regarding the size range that comprise nanoemulsion and distin-
guish them from micro-sized and conventional-sized macroemulsions. According to 
the literature, droplet size can vary from 20  nm to either 500, 300, 200, or yet 
100 nm, being until now a controversial issue regarding nanoemulsions classifica-
tion (Solans and Solé 2012; McClements and Rao 2011).

In general, macroemulsions are optically opaque, due to the large droplet size, 
which produces multiple light scattering, while nanoemulsions are often transparent 
or translucent, since they present small droplet size scatter light weakly (McClements 
and Jafari 2018; McClements 2011). Nanoemulsions are kinetically stable systems 

Fig. 4.1 Oil-in-water nanoemulsion (a) and water-in-oil nanoemulsion (b), composed by oil and 
aqueous phases, stabilized by surfactants. In oil-in-water nanoemulsion aqueous phase constitutes 
the outer phase and oil phase is the inner phase, and the surfactant molecule self-assemble into a 
micelle structure, with hydrophilic portion oriented towards the aqueous phase. In water-in-oil 
nanoemulsions oil phase and water phase constitute the outer phase and inner phase, respectively, 
and surfactants hydrophobic portion is in contact with the outer phase
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and do not require the addition of a cosurfactant, unlike microemulsions. Kinetic 
stability is attributed to the Brownian motion of the droplets which overcomes the 
gravity force and prevents droplets sedimentation and coalescence. In addition, the 
use of nonionic or polymeric surfactants may cause steric repulsion between the 
droplets and contribute to the stability of the system (Tadros et  al. 2004; Solans 
et al. 2005).

Besides storage stability, there are other interesting physical properties that dif-
ferentiate nanoemulsions from macroemulsions. For example, nanoemulsions have 
dispersed phase surface area relative to the total volume of the dispersion much 
larger than that observed in macroemulsions. Due to the high relative surface area, 
all phenomena related to droplet deformation are typically more relevant to nano-
emulsions than to macroemulsions (Mason et al. 2006).

It is noteworthy the common misconception between nano and microemulsions. 
There has been much effort to clarify the difference between these two colloidal 
systems in this scientific field (Sonneville-Aubrun et al. 2004; Anton and Vandamme 
2011). Both microemulsions and nanoemulsions contain droplets of diameters rang-
ing from 20 to 200 nm, differing in certain aspects, especially regarding the prepara-
tion method (Abismail et al. 1999; McClements 2011). Although both systems can 
feature similar characteristics, as nanosized droplets as inner phase dispersed in a 
continuous phase, they differ in therms of stability and in physicochemical concepts 
(Anton and Vandamme 2011; McClements 2012). Microemulsions is a term usually 
used to refer to thermodynamically stable isotropic oil/surfactant/water systems, 
while nanoemulsions are kinetically stable conventional emulsions constituted by 
nanosized micelles (McClements 2012). Microemulsions can feature a wide range 
of structures with one, two, three ore more phases in equilibrium, depending on the 
concentrations between all the components and upon certain temperatures. These 
different structures can be water-continuous, oil-continuous or bicontinuous and 
nanometric swollen micelles, which gives them a bluish and translucent 
nanoemulsion- like aspect. However, micelles can form different geometries such 
as, worm-like, bicontinuous sponge-like, liquid crystalline, hexagonal, lamellar, 
and spherical swollen micelles, which is the most often confused with nanoemul-
sions (Anton and Vandamme 2011; McClements 2012).

Moreover, nanosized micelles from microemulsion are deeply afected in mor-
phology and size upon temperature and dilution, while nano-micelles from nano-
emulsions remain unaltered when submited to the same conditions, which is an 
important aspect to be considered when microemulsions are intended to be applied 
as parenteral prooducts. Parenteral route can pose some challenges as infinite dillu-
tion conditions and temperature, pH and osmolarity variations. Under biological 
conditions, only nanoemulsions remain stable (Lefebvre et al. 2017; Hörmann and 
Zimmer 2016; Anton and Vandamme 2011).

These misinterpretations are often found in literature, where one can find inade-
quate methods for obtaining and characterizing micro and nanoemulsions. For 
example, ternary phase diagrams to produce nanoemulsions constitutes a very fre-
quent but inapropriate methodology that can be more suitable to produce micro-
emulsions. The simplicity of low-energy emulsifying methods is the main aspect 
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that can induce the confusion between nano and microemulsions. Besides, in order 
produce nanoemulsions by low-energy methods, surfactant must be mixed in oil 
phase before adding water, not being possible inverting the order of components 
incorporation. Microemulsions can be formed no matter the order in which compo-
nents are added (Anton and Vandamme 2011). This difference between both sys-
tems is an easy and simple preliminary test for classification of a system in whether 
nano or microemulsions.

The large surface area provided by the nanostructured droplets increases drug 
absorption in biological membranes such as the intestinal epithelium, the cornea 
and skin for example (Singh et al. 2017). Moreover, because they are transparent 
formulations, nanoemulsions present an interesting aesthetic characteristic, even 
containing significant quantities of oil in the composition (Sonneville-Aubrun et al. 
2004; Tadros et al. 2004).

4.3  Nanoemulsions: Composition

In general, a classical nanoemulsion formulation comprises an aqueous and an oil 
phase stabilized by a surfactant. The physical-chemical properties of the compo-
nents will greatly impact the formation and stability of the nanoemulsions obtained 
from them. Typically, nanoemulsions require relatively high amounts of surfactants, 
usually from 10 to 15wt.%, in order to stabilize the high surface area of nanosized 
micelles (Azeem et al. 2009; Mason et al. 2006). The composition of nanoemul-
sions can be tuned by careful selection of the ingredients used to obtain them.

4.3.1  Surfactants

Surfactants are molecules whose structures comprise two parts of opposing affinities, 
one having a hydrophilic character and the other with a hydrophobic character. Both 
hydrophilic and lipophilic moieties should be in equilibrium in the surfactant molecule, 
so that it constitutes a good emulsifier. This hydrophilic-lipophilic equilibrium of a 
both moieties in the surfactant molecular structure is called hydrophilic- lipophilic 
balance (Abismail et al. 1999; Porras et al. 2004). Hydrophilic-lipophilic balance is a 
classifying system for all surfactants and provides a good indication for the right the 
choice of emulsifiers suitable for obtaining stable emulsions. During the production of 
nanoemulsions, surfactants molecules should be able to quickly adsorb on newly 
formed droplet surface, while maintaining droplet integrity once two droplets collide, 
avoiding droplet deformation or coalescence (Tadros 1994).

The formation of a stable nanoemulsion involves selecting an appropriate com-
position, controlling the order of addition of the components and applying a mini-
mum energy input capable of promoting the deformation of droplets. This minimum 
energy input is related to the Young-Laplace Theory, which shows that the differ-
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ence between the external and internal pressures of a drop is a direct function of the 
droplet radius (Eq. 4.1). Therefore, to break a drop into droplets of smaller size, the 
difference between the internal and external pressure to the drop should be consid-
erable (Tadros et al. 2004).

 
Pi Pe− =

γ
2r  

(4.1)

where,

Pi = Internal pressure
Pe = External pressure
γ = Interfacial tension
r = Radius of droplet curvature

According to Eq. 4.1, large amounts of surfactants are required to reduce surface 
tension and stabilize the great interfacial surface produced. The production of nano-
emulsions, therefore, is a thermodynamic unfavorable and non-spontaneous pro-
cess. Besides, to obtain droplets of nanometric size it is necessary to supply energy 
to the system, usually provided by mechanical devices or even by chemical poten-
tial of the constituents. Nanoemulsions often present spherical droplets because 
both the high interfacial tension and small droplet size combined provide high 
Laplace pressures, which triggers the minimization of the oil–water interfacial area 
into a spherical shape (McClements 2011).

The success of developing a stable nanoemulsion depends on the right selection 
of the surfactant used, which shall act on the interface between dispersed and con-
tinuous phases. The choice of a surfactant for pharmaceutical purposes is one of the 
most critical steps and involves consideration of the toxicity of substances that can 
be applied in large quantities. (Tadros 2009; Wiedmann 2003). The selection of a 
surfactant can be considered the most important step to produce nanoemulsions, 
since emulsifiers can influence both fabrication method and performance of 
nanoemulsions.

Due to the amphiphilic molecular constitution, surfactants tend to migrate to the 
interfaces between two immiscible fluids, in a way that polar groups are oriented to 
the aqueous phase and the non-polar, to the organic phase. The polar group is of 
great importance because it defines some properties, such as water solubility and the 
classification of the surfactants which can be divided into ionic, which can be 
anionic and cationic, nonionic and amphoteric, or zwitterionic.

At low concentrations, the surfactant molecules are solubilized within the solu-
tion as free soluble surfactant molecules (Fig. 4.2a). As the surfactant concentration 
increases, a decrease in surface tension of the solution occurs, representing the sur-
factant adsorption at air-water surface (Fig. 4.2b). When reaching a certain concen-
tration, it is observed that the variation of the surface tension is minimal in relation 
to the increase of the concentration, which means that, the saturation of the water- 
air interface is reached. At this stage, the adsorption of the surfactant on the surface 
is no longer observed. The surfactant concentration that causes this phenomenon is 
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called the critical micelle concentration, where it can be observed the formation of 
molecular aggregates, known as micelles (Fig. 4.2c).

The moieties that are not soluble in the surrounding solvent attract strongly and 
produce a stable compact vesicular morphology, as to expel the solvent from this 
environment. On the other hand, groups that are very soluble, tend to be externally 
exposed producing a soluble particle, i.e., a micelle (Myers 2005b). The size of the 
micelles and the number of surfactant molecules per micelle depends on the type of 
surfactant and the physicochemical environment. When the surfactant is adsorbed at 
the oil-water interface, interfacial tension decreases causing a steric hindrance effect 
or electrostatic repulsion, both able to prevent coalescence or aggregation phenom-
ena. These barriers not only prevent emulsion droplets from coming into direct con-
tact, but also serve to stabilize the liquid film between two adjacent droplets 
(Myers 2005a).

The interfacial tension is related to the amount of surfactant adsorbed at the inter-
face and the nature of the interfacial layer. The interfacial tension decreases with 
increasing surface charge, which is directly related to the concentration and size of 
the surfactant. However, depending on the type of surfactant, many other effects are 
important (Tadros et al. 2004; Myers 2005a). It can be said, then, that surfactants 
play a very important role in the stabilization or destabilization of nanoemulsions, 
increasing or reducing the electrostatic or steric repulsions of the interface, which 
are dependent on structural aspects, such as double electric layer, branching, aroma-
ticity. Other factors like the presence and type of electrolytes, pH, temperature and 
presence of additives (Myers 2005a). The most studied for the formation of nano-
emulsions are non-ionic surfactants.

Both liquids and solids feature surface tension due to the cohesive energy 
between their molecules. Surface tension is resultant from unbalanced forces of 
attraction or non-equilibrated in interfacial regions, in which there is a sudden varia-

Fig. 4.2 Micellization steps: surfactants as free soluble molecules, below critical micelle concen-
tration (a). As surfactant concentration raises, surfactants start to self-assemble as monolayer in 
water-air interface (b). Above critical micelle concentration, water-air interface is saturated with 
surfactant molecules and interfacial tension no longer reduces. Then surfactants start to self- 
assemble as micelles, in a thermodynamically favorable phenomenon (c)
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tion of the density. Thus, the resultant force on a molecule close to the surface liq-
uid/vapor is different from that on a molecule that is in a completely homogeneous 
region, in which the resulting force is null. The surface tension can also be defined 
as the excess of surface energy (Tsujii 1998; Shaw 1992).

Liquids tend to self-assemble into forms that minimize surface area, that is, a 
greater number of molecules are inside the liquid and, therefore, remain surrounded 
by other liquid molecules. Liquid droplets therefore tend to be spherical because a 
sphere is the shape with the smallest surface/volume ratio. Surface effects can be 
expressed according to the Helmholtz and Gibbs energies (Eq. 4.2), in which the 
bond between these amounts of energy and the surface area is the work (force) 
needed to increase the surface area (σ) of a liquid in a given quantity (Hunter 2001)

 dW = γ θ·d  (4.2)

where, W means work or applied force; γ (N.m−1) means superficial tension and θ 
superficial tension.

The effect of surface tension is to minimize surface area, resulting in a curved 
surface, as in a vesicle. The intensity of this tension depends on the liquid, solvent 
purity and temperature in which the surfactant lies (Hunter 2001). The same consid-
erations apply to the interface between two immiscible liquids. Again, intermolecu-
lar forces in non-equilibrium are presented, however with decreased intensity. The 
interfacial tensions usually lie between the individual surface tension of the two 
liquids above mentioned (Shaw 1992).

4.3.2  Types of Surfactants

There are several surfactants that have been used in the production of nanoemul-
sions, since small-molecule synthetic surfactants, which may be non-ionic and 
ionic, and natural surfactants such as phospholipids, proteins and polysaccharides. 
In general, the surfactants may be: (i) non-ionic, (ii) amphoteric (iii) cationic, or 
(iv) anionic.

The class of the non-ionic surfactants comprise small molecules such as sorbitan 
esters, like Span® and Tween® series and polymeric surfactants, such as 
poly(oxyethylene) ethers, for example, Brij® or block copolymers as poly(ethylene 
oxide)-poly(propylene oxide). Small molecules can form small-sized droplets 
because of the facility on easily adsorb on the surface of droplets that they feature 
(Jafari et al. 2017).

Natural surfactants exhibit excellent surface activity, although they present 
molecular structure being very voluminous compared to synthetic surfactants. Since 
natural surfactants are naturally produced substances, they show advantages like 
biodegradability, are easily produced from renewable resources, present high speci-
ficity and tend to less toxic (Salem and Ezzat 2018). Table 4.1 summarizes the most 
common types of natural and synthetic surfactants.
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Table 4.1 Main types of natural and synthetic surfactants and their general aspects

Type Examples
Characteristics/
charge General aspects References

Natural Phospholipids for 
example: lecithin

Zwitterionic Mixture of natural polar 
phospholipids obtained 
from eggs or soybean. 
Amphoteric behavior

Klang and 
Valenta (2011), 
Hoeller et al. 
(2009), Khan and 
Krishnaraj (2014)

Natural Polysaccharides 
for example: gum 
arabic

Negatively or 
positively charged

Provide good stability 
either by electrostatic or 
steric effects. Not 
suitable for low-energy 
emulsification methods.

Bai et al. (2016), 
Jafari et al. 
(2017), 
Dickinson et al. 
(1991)

Natural Amphiphilic 
proteins, as 
caseinate or whey 
protein isolate

Charge depends 
on pH relative to 
isoelectric point

Provide good stability 
mainly by electrostatic 
repulsion and also steric 
effects under neutral 
pH. Not suitable for 
low-energy 
emulsification methods

M. Sharma et al. 
(2017), 
Dickinson et al. 
(1998), Kuhn and 
Cunha (2012), 
David Julian 
McClements 
(2011)

Ionic 
surfactant

Sodium lauryl 
sulfate (SLS) or 
sodium dodecyl 
sulfate (SDS)

Negatively 
charged

Used in both low and 
high energy methods

Tian et al. (2016), 
Lémery et al. 
(2015), Rosety 
et al. (2001), 
Bondi et al. 
(2015)

High irritation and acute 
toxicity potential

Non-ionic 
surfactant

Sucrose 
monopalmitate

Sugar esters Non-toxic, 
biodegradable and 
hydrophilic. Used to 
stabilize oil-in-water 
nanoemulsions by high 
pressure 
homogenization with 
relatively low 
surfactant-to-oil ratios.

Strickley (2004), 
Cerqueira- 
Coutinho et al. 
(2015), Rao and 
McClements 
(2011)

Sorbitan 
monooleate

Non-ionic 
surfactant

Brij Polyoxyethylene 
alkyl esters

Relatively low phase 
inversion temperature. 
Used in low-energy 
methods

David Julian 
McClements 
(2011)

Non-ionic 
surfactant

Tweens and spans Ethoxylated 
sorbian esters

Used in high-energy 
methods. Differences 
aliphatic chain length 
varies, providing 
several types of Tween 
and Span. Ex: Tween 
20, 40, and 60.

Pathania et al. 
(2018), Dias et al. 
(2014), Salvia- 
Trujillo et al. 
(2015), Speranza 
et al. (2013)
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The use of natural surfactants, due to the innocuous character, provides some 
advantages over synthetic surfactants, including biocompatibility and 
 biodegradability, multifunctional characteristics, stable activity under different 
environmental conditions, such as high or low temperatures, pH, high pressure and 
osmolarity. Thus, natural surfactants may be more effective in stabilizing nano-
emulsions for the most diverse purposes (Dickinson 2003; Qian and McClements 
2011). In general, most of natural surfactants are large molecules, which can delay 
the ability to adsorb on the droplets surface and provide larger droplets. However, 
they can provide good stability by both steric and electrostatic stabilization (Qian 
and McClements 2011).

One of the most common natural surfactants used in the development of nano-
emulsions are phospholipids. Phospholipids can be classified as natural amphoteric 
surfactants and have excellent biocompatibility because they are similar in composi-
tion to cell membranes. The term lecithin is commonly used to designate a mixture 
of phospholipids obtained from both animal and vegetable sources, as eggs and soy-
bean, respectively (Shchipunov 2015). The composition of lecithin may vary upon 
several environmental and processing conditions, however, the phospholipids most 
commonly found in lecithin are: phosphatidylcholine, phosphatidylethanolamine, 
phosphatidylinositol, sphingomyelin, glycerol phospholipids of complex fatty acid 
composition (Klang and Valenta 2011; Shchipunov 2015).

The polar portion of lecithin is comprised by positively charged phosphate 
groups, which are bounded to lipophilic chains by ester groups. Moreover, nitrogen- 
containing moieties bounded to phosphate groups can assume negative charges, 
providing phospholipids such as lecithin an amphoteric character (Shchipunov 2015).

Biopolymers such as polysaccharides have been attracting attention as natural 
surfactants for producing stable nanoemulsions (Dickinson 2003; Bai et al. 2016). 
Polysaccharides feature a complex structure, water-soluble, with good emulsifying 
properties and thickening properties, are widely used in food, pharmaceutical and 
paper industries. Polysaccharides and gums such as gum arabic are often used as 
thickening or gelling agents in pharmaceutical industry (Prajapati et al. 2013). The 
polysaccharides most commonly found are hydrocolloids such as xanthan, modified 
starch, galactomannans and pectin (Dickinson 2003; Prabaharan 2011; Sweedman 
et al. 2013; Prajapati et al. 2013). Recently, they have been considered promising 
components to be used as natural surfactants as there is a growing demand for natu-
ral and sustainable ingredients. The emulsification properties of polysaccharides are 
related to the presence of non-polar groups and hydrophilic groups, providing the 
interaction with both oil and water. The stabilization method related to polysaccha-
rides can occur by both electrostatic repulsion and steric effect, preventing droplet 
flocculation and coalescence (Jafari et al. 2017).

Gum arabic is one of the most used polysaccharides for producing stable emul-
sions, due to the formation of a stable layer around the droplets, providing steric 
repulsion among droplets by forming steric layer around them (Yadav et al. 2007; 
McNamee et al. 1998). Other naturally occurring polysaccharides used in producing 
nanoemulsion comprise pectin, a heterogenous anionic polysaccharide already used 
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as gelling, thickening and stabilizing properties (Bai et al. 2016) and maltodextrin 
(Sonu et al. 2018).

Some proteins, especially those obtained from bovine milk, as casein and whey 
proteins, can be used as emulsifying and surfactants agents, since they feature both 
hydrophilic and lipophilic residues and surface activity, providing cohesive and 
strong films around droplets (Yerramilli and Ghosh 2017; Mayer et al. 2013; Kuhn 
and Cunha 2012; Adjonu et  al. 2014). Proteins can stabilize droplets mainly by 
electrostatical repulsion because of the presence of negatively charged groups, 
although steric effect can also be attributed to them (Adjonu et al. 2014; Dickinson 
et al. 1998). As proteins are very large molecules, the adsorption on droplet surface 
takes longer. On the other hand, proteins feature the ability of forming a viscoelastic 
coating that prevent droplet deformation and, thus aggregation, providing higher 
stability under several conditions (McClements 2011). One of the most studied pro-
teins used as natural surfactants is casein.

Casein comprises almost 80% of milk protein and it is a heterogeneous protein 
composed by four main proteins fractions: αs1 (~44  wt.%), αs2 (~11  wt.%), β 
(~32 wt.%) and k (~11 wt.%) with a strong aggregation behavior, which is funda-
mental to stabilize casein-based micelles (Wang and Zhang 2017; Sharma et  al. 
2017). Casein provides both electrostatic and steric stabilization against coales-
cence under neutral pH values (Dickinson et  al. 1998). At acidic pH values, the 
negative charge on caseinate structure is reduced and aggregation between casein- 
based micelles occurs (Sharma et al. 2017).

Several works have reported the combination of proteins and polysaccharides- 
based emulsifiers based on the ability to form polyelectrolyte complexes between 
these molecules and the possibility of Maillard reaction, which contribute to increase 
stability of the layer around nanosized micelles end prevent coalescence (Sonu et al. 
2018; Farshi et al. 2019).

There is a growing demand on replacing synthetic surfactants for natural mole-
cules. However, the application of natural surfactants still is limited by several 
issues. For example, Phospholipids and protein-based surfactants, are unstable 
under environmental conditions such as pH, osmotic pressure and heating. 
Polysaccharides, on the other hand, provide stability under environmental stressful 
conditions (Zhang et al. 2015). Besides, polysaccharides can stabilize nanoemul-
sion by increasing the viscosity oh aqueous phase by stablishing hydrogen bonds 
water molecules (Dickinson 2009). Moreover, according to Qian and McClements 
2011, small-molecule surfactants can provide smaller droplets than proteins, which 
can be related to the ability to rapidly adsorb to the droplet surfaces during homog-
enization and providing a more stable interface.

The solubility of synthetic or ionic surfactants is related to the interactions 
between the ionic group, which is the polar part of the surfactant, and water. The 
ionic surfactants most used in the production of nanoemulsion are summarized in 
Table 4.1. In general, ionic surfactants are resistant to changes in temperature and 
quite soluble in water. The applications of ionic surfactants are originated from 
these properties. Also, pH has great influence on the solubility of the ionic surfactants 
due to the neutralization reactions that occur with this type of molecules.
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In the case of anionic products, a reduction in pH causes a decrease in the degree 
of dissociation and in the solubility of the surfactant due to the formation of the 
 corresponding undissociated acid, which has lower solubility. The electrical charge 
on droplet surface plays an important role in stabilizing nanosized droplets as elec-
trostatic repulsion, aggregation stability etc. Moreover, surface charge can be 
explored to provide nanoemulsions novel application by triggering the interaction 
of charged surfactants with other components in biological media (Tian et al. 2016). 
Quaternary ammonium salts belong to the class of cationic surfactants, the best-
known being hexadecyl trimethyl ammonium bromide and dodecyl ammonium bro-
mide (Bouchemal et al. 2004; Lawrence and Rees 2000).

In the case of ionic surfactants, the stability of nanoemulsions is mainly gov-
erned by electrostatic interaction between the droplets. Surface charge and, conse-
quently, zeta potential can be modulated by mixing non-ionic and ionic surfactants 
and varying the proportion of both of them, providing extremely long-term stable 
nanoemulsion (Tian et al. 2016; Babchin and Schramm 2012). Sodium lauryl sul-
fate (SLS) or sodium dodecyl sulfate is the most common anionic surfactant used to 
produce emulsions. However, they can disorganize several cell membrane organiza-
tion and affect both protein and lipid structures, being highly irritant for skin appli-
cation and toxic for systemic administration (Elmahjoubi et  al. 2009; Bondi 
et al. 2015).

Non-ionic surfactants are widely used for pharmaceutical purposes because they 
feature low toxicity and greater stability against changes in ionic strength and pH of 
the common biological media. There are different types of non-ionic surfactants, the 
most used to provide pharmaceutical nanoemulsions are polyglycerol alkyl ethers, 
glucosyl dialkyl ethers, crownethers, ester-linked surfactants, polyoxyethylene 
alkyl ethers, ethoxylated hydrogenated castor oil, Brij, Spans, or sorbitan esters and 
Tweens, or Polysorbates.

Synthetic non-ionic surfactants show no charges on the polar part of the molecu-
lar structure, which is often composed of ethylene oxide groups. For this reason, 
solubility of synthetic non-ionic surfactants in aqueous solution differs from most 
solutes: with increasing temperature, these surfactants show phase separation, and 
this temperature is known as cloud point temperature. This behavior occurs because 
of the increasing the size of the molecular aggregates, known as micelles and the 
inter-micellar attraction. This can be explained by the dehydration of the outer layer 
of the micelle of the nonionic surfactant with the increase in temperature, which is 
promoted by the breaking of the hydrogen bonds between the ethylene oxide group 
and the water (Prud’homme et al. 1996; Alexandridis et al. 1994).

Compared with low molecular weight surfactants, non-ionic polymeric surfac-
tants produce more stable micelles, have lower critical micelle concentration values, 
with a slower dissociation rate, which allows controlling the release of the mole-
cules contained in the nucleus of nano-sized droplets and also achieve greater accu-
mulation of the drug at a specific site. In addition, these copolymers are capable of 
forming micelles in a wide variety of solvents (Xing and Mattice 1997; Kataoka 
et al. 2001).
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Like Mao et al. studied the effect of different surfactants on interfacial tension, 
droplet size, zeta potential and morphology of β-carotene-loaded nanoemulsions 
produced by high pressure homogenization. High molecular weight surfactants, 
such as Tween 20®, decaglycerol monolaurate, modified starch, whey protein isolate 
were evaluated. The results showed that Tween 20® and decaglycerol monolaurate 
provided smaller droplet size, although with poorer stability compared with modi-
fied starch and whey protein isolate, presenting droplets aggregates. On the other 
hand, modified starch and whey protein isolate provided larger droplets with higher 
stability against droplet aggregation due to the formation of stronger interfacial lay-
ers. Moreover, the combination of Tween 20 and whey protein isolate provided 
nanoemulsions with higher stability regarding β-carotene content under storage 
conditions of 55 °C for prolonged time (Like Mao et al. 2009).

4.3.3  Oil Phase

Oil phase composes the core of oil-in-water nanoemulsions and it can influence 
greatly both formation and stability of nanoemulsions. Several aspects as polarity, 
water miscibility, interfacial tension and viscosity can change nanoemulsions char-
acteristics such as droplet size and stability (McClements 2011). Different types of 
oil phases can be used for the formation of nanoemulsions: synthetic, mineral, veg-
etable or essential oils. In this chapter the origin and the chemical and physico-
chemical properties of essential oils will be the focus. Triacylglycerols, free fatty 
acids, fixed/vegetable, essential and mineral oils, waxes alone or in associations can 
be used as oil phase upon nanoemulsion development (Jafari 2017). The most com-
mon the essential oils often found are clove, peppermint, sweet fennel and bergamot 
(Al-Subaie et al. 2015; Saberi et al. 2014; Pengon et al. 2018; Strickley 2004; Wan 
et al. 2019; Barradas et al. 2015). They can act as drug carriers or solvents or be used 
as the only constitute of oil phase due to pharmacological properties commonly 
attributed to essential oils.

Very often, oil phase of nanoemulsions are liquid, as natural oils. However, they 
can also be solid as natural waxes and solid lipids (in the case of SLN and NLC) 
(Sutradhar and Amin 2013; McClements and Jafari 2018). Physical state of oil 
droplets can influence creaming stability, optical properties and release pattern of 
the encapsulates bioactive molecules. The right selection of liquid and solid lipo-
philic components can provide the control over physical state of oil droplets 
(McClements 2015).

In both oil-in-water and water-in-oil, oil phase is one of the most important 
issues, since it can influence several physicochemical aspects, for example: viscos-
ity, refractive index, transparency, interfacial tension stability, sensorial aspects and 
droplet size. As a consequence, a range of functional properties that are conse-
quence of physicochemical parameters are affected, as bioavailability, miscibility 
and digestibility (McClements and Jafari 2018). Moreover, molecular weight of the 
components, interfacial tension, density and viscosity of the oil phase also influence 
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the properties of nanoemulsions and can lead the choice of a certain type of emulsi-
fication method (McClements and Rao 2011).

Droplet stability is dependent on oil solubility, which is influenced by the amount 
of water soluble and lipophilic oil components. Great amounts of water soluble 
components in oil phase can lead to Ostwald ripening, the major source of instabil-
ity in nanoemulsions (Chebil et al. 2013). There are some strategies to retard droplet 
growth due to Ostwald ripening. Ripening inhibitors can be added to oil phase of 
oil-in-water nanoemulsions prepared with highly soluble oils as essential oils (Rao 
and McClements 2012; McClements and Jafari 2018). Ripening inhibitors are usu-
ally highly hydrophobic molecules almost water insoluble able to increase hydro-
phobicity inside the droplets even upon diffusion of water-soluble molecules. As a 
consequence, there is an increase in the concentration of the ripening inhibitor 
inside droplets, promoting a concentration gradient in the system that triggers the 
diffusion of water-soluble components from large back to small droplets, as the 
opposite of what occurs in Ostwald ripening (McClements and Jafari 2018).

Oils and lipophilic components can be encapsulated inside nanomicelles with the 
aim of protecting labile and degradable bioactive molecules from environmental 
conditions, controlling release, increasing bioavailability and providing an easier 
manipulation or incorporation of oils into aqueous formulations. Moreover, encap-
sulation techniques can be applied to the modification of physicochemical proper-
ties of oils, which makes it possible to convert solutions into fine powders of to 
mask undesirable tastes when administrated by oral route.

4.3.4  Essential Oils

Essential oils are aromatic substances extracted from aromatic plants or plants parts, 
including leaves, fruits, barks and seeds. They considered raw materials of great 
importance for the cosmetic, pharmaceutical, fragrance and food industries. These 
pure and extremely potent organic substances are considered the main biochemical 
components of the therapeutic action of medicinal and aromatic plants (Pathania 
et al. 2018; Pérez-Recalde et al. 2018; Donsì and Ferrari 2016).

These are volatile substances extracted from aromatic plants, being extremely 
potent organic substances and considered the main biochemical components of the 
therapeutic action of medicinal and aromatic plants. The methods of extraction vary 
according to the location of the volatile oil in the plant and the proposed use of it. 
The most common methods are: enfleurage, steam distillation, or azeotropic distil-
lation; extraction with organic solvent in a continuous and discontinuous way; 
pressing or supercritical CO2 extraction (Asbahani et al. 2015).

The designation of oil is given thanks to some physical-chemical characteristics, 
for example, that they are often oily-appearing liquids at room temperature. The 
main characteristic of essential oils is the volatility, which differs them from the 
fixed/vegetable oils, which are mixtures of lipid substances normally obtained from 
seeds. Another major characteristic is given thanks to the pleasant and intense aroma 
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of most of the volatile oils, being therefore also called essences. They are still solu-
ble in apolar organic solvents, as ether, thus receiving the name of ethereal oils or, 
in Latin, aetheroleum. Although they have a limited solubility in water, they have 
been used to increase water solubility of poorly soluble drug by constituting the 
inner phase of oil-in-water nanoemulsions (Barradas et al. 2017).

Essential oils constituents range from terpene hydrocarbons, simple and terpene 
alcohols, aldehydes, ketones, phenols, esters, ethers, oxides, peroxides, furans, 
organic acids, lactones, coumarins, to sulfur compounds. In the mixture, these com-
pounds are present in different concentrations, and usually one of them is the major-
ity compound, others are in lower levels and some in very low quantities (Donsì and 
Ferrari 2016)

Essential oils are well-known as flavors, antioxidant and antimicrobial products 
and have been widely used as functional ingredients in food, pharmaceutical, and 
cosmetic formulations (Jin et al. 2016). In recent years, the application of essential 
oils in food products has generated great interest because essential oils are generally 
recognized as safe regulatory status, multiple functionalities, and wide acceptance 
by consumers. However, the poor solubility in aqueous solutions and high volatility 
during processing are two major obstacles of utilizing EOs in the industrial 
processes.

A superficial search in the main patent databases and indexed journal articles 
reveals the growing interest in the use of nanoemulsions in the last decade as well 
as the use of these systems in the pharmaceutical industry (Figs. 4.3 and 4.4). It is 
possible to notice a considerable increase in the number of publications describing 
essential oil-loaded nanoemulsions. The poor solubility in aqueous solutions and 
high volatility during processing are two major obstacles of utilizing essential oils 
as sanitizing agents or as preservatives in food matrices. Oil-in-water nanoemul-
sions carefully prepared using appropriate surfactants and emulsification processes 

Fig. 4.3 Patents related to nanoemulsions formulations from 2010 to 2019 using Boolean opera-
tors AND (Espacenet search∗ 6/10/2019). Blue: nanoemulsions; Green: nanoemulsions AND 
drugs; Purple: Nanoemulsions AND essential oil. ∗https://worldwide.espacenet.com
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are common choices to deliver essential oils in aqueous systems, for several admin-
istration routes and distinct applications. Nevertheless, there are still few studies 
that deal with the particularities in the development, characterization and evaluation 
of the pharmaceutical properties of essential oils-loaded nanoemulsions, especially 
regarding the evaluation of the industrial scale production.

Essential oils are generally obtained from the peeling of fruits, flowers or leaves. 
Several essential oils are being used in the development of nanoemulsions, in 
Table 4.2 are listed some nanosystems with proven activity. For example, clove oils 
are the essential oils obtained by distillation of the flower buds, stems, and leaves of 
the clove tree (Syzygium aromaticum) (Goñi et al. 2016). Among clove oils, clove 
bud oil (CBO) is widely used and well-known as a potent antioxidant and for anti-
bacterial, antifungal, and antiviral activities (Anwer et al. 2014; Chaieb et al. 2007). 
Eugenol, 4-allyl-2-methoxyphenol, is the primary constituent, responsible for more 
than 80% of CBO and is the major contributor of the above biological functions of 
CBO (Jirovetz et al. 2006; Chaieb et al. 2007).

Another example, Rosmarinus officinalis L. essential oil is usually isolated by 
hydrodistillation, steam distillation, or extraction with organic solvents. The 
Rosemary oil is mainly located in leaves and the flowers; it is known for antioxi-
dant, antimicrobial, anti-inflammatory properties and studies suggest that the one 
chemical compounds more frequently reported molecules was 1,8-cineole, α-pinene, 
and camphor (Angioni et al. 2004; Hernández et al. 2016).

Basil and thyme are aromatic herbs that are also used extensively to add a dis-
tinctive aroma and flavor. The essential oils are extracted from fresh leaves and 
flowers are very recognized can be used as aroma additives in food, pharmaceuti-
cals, and cosmetics (Q.  X. Li and Chang 2016; Mandal and DebManda 2016). 
Major compounds found in volatile extracts of basil and thyme exhibited varying 
amounts of anti-oxidative activity in particular, eugenol, thymol, carvacrol and 

Fig. 4.4 Publications related to nanoemulsions formulations from 2010 to 2019 using Boolean 
operators AND (Web of Science search∗∗ 6/10/2019). Blue: nanoemulsions; Green: nanoemul-
sions AND drugs; Purple: nanoemulsions AND essential oil. ∗∗https://webofknowlegde.com
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4-allylphenol (Marotti et al. 1996; Hudaib et al. 2002; Politeo et al. 2007; Hussain 
et al. 2008).

Recognized in traditional medicine, lemongrass essential oil is a potent antimi-
crobial and antioxidant natural bioproduct. Lemongrass essential oil composition 
consists mainly of 70–85% geranial (citral), neral, geraniol, nerol, citronellol, 
1,8-cineole (eucalyptol), α-terpineol, linalool, geranyl acetate. Lemongrass oil is 
collected by steam distillation of the herbage. Lemongrass essential oil is a viscous 
liquid, yellow to dark yellow or dark amber in color turning red on prolonged stor-
age (Sharma et al. 2018).

Also, among the essential oils, there are citrus fruits, which also have countless 
therapeutic applications. Citrus fruits are well known and appreciated for centuries 
as they feature pleasant aroma and appetizing flavor. The essential oils from these 
fruits are generally obtained from the juice of the peels of fruits, but it can also be 
obtained from flowers or leaves (Asbahani et  al. 2015). Among the best-known 
essential oils are those of orange, lemon, mint, eucalyptus, mint, citronella, clove, 
among others, as can be seen in Table 4.2.

The methods of extraction vary according to the location of the volatile oil in the 
plant and the proposed use of it. The most common methods are: enfleurage, steam 
distillation; extraction with organic solvent in a continuous and discontinuous way; 
pressing or supercritical CO2 extraction (Asbahani et al. 2015).

4.4  Preparation of Nanoemulsions

Typically, the emulsification process is based on the dispersion of an immiscible 
liquid into another immiscible liquid as small droplets which are surrounded by a 
thin interfacial layer of a surfactant that acts as an emulsifier, nanoemulsification 
methods are no different. In general, the methods to produce nanoemulsions can be 
classified into high or low-energy methods. High-energy methods have been widely 
used to produce nanoemulsions in large industrial scale (McClements and Jafari 
2018). These methods use mechanical devices to produce nano-sized droplets. Low- 
energy methods depend on internal energy of the components to spontaneous pro-
duce nanoemulsions upon changes in the compositions or environmental conditions. 
In both type of methods, surfactants play an important role in reducing the interfa-
cial tension of the system and thus they contribute to the reduction of the shear 
energy required to reduce the radius of curvature of the formed droplets (T. Tadros 
et  al. 2004). The choice of the method to obtain nanoemulsion should be made 
based on the properties of the oil phase and the surfactant, physicochemical proper-
ties and functional aspects requires for the final application (McClements and 
Jafari 2018).

A minimum energy input required is the same no matter the nanoemulsification 
method. However, the preparation method may influence the properties of the pro-
duced nanoemulsions, such as: droplet size and stability. Without affecting the final 
nature of the dispersion phases, though (Gutiérrez et al. 2008). On the other hand, 
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the choice of the technique adopted to produce nanoemulsions greatly affect droplet 
size and stability (Salem and Ezzat 2018). In this section, we have a brief overview 
on the most commonly used high-energy and low-energy approaches for nanoemul-
sion formation.

4.4.1  High-Energy Methods

High-energy methods are also known as work-based methods, since they are depen-
dent of high amounts of intense energy, which are supplied by mechanical devices, 
like high pressure homogenizers, microfluidizers and ultrasonicators, which gener-
ate shear forces able to disrupt oil and water interface, providing nanosized droplets 
(Solans et  al. 2005; Leong et  al. 2009). The size and stability of nanoemulsions 
produced can be influenced by the type and processing conditions of the high- 
energy method, oil properties such as lipophilicity, viscosity and interfacial tension, 
surfactant type and concentration.

High energy methods are carried out by the input of mechanical energy using 
mechanical or ultrasonic equipment that generate high shear stress or pressure dif-
ference, disrupting and breaking the droplets into smaller sizes (Abismail et  al. 
1999; Sonneville-Aubrun et al. 2004; Tadros et al. 2004). In general, the preparation 
of nanoemulsions through high-energy methods can be divided into two distinct 
phases. In a first step the oil and aqueous phases are emulsified with an homogenizer 
as Turrax® or Politron® and the coarse emulsion obtained presents a submicron 
droplet size, between 500 and 1000 nm, depending on the equipment used and the 
operating conditions (McClements and Rao 2011; McClements 2011). Then, the 
droplet diameter is progressively reduced to its minimal value, ranging from 20 to 
200 nm by means of high pressure homogenizers or microfluidizers, depending on 
the energy intensity of the homogenizer used, processing time and sample composi-
tion (T. Tadros et al. 2004; Salem and Ezzat 2018). It is worth noting that the mini-
mum droplet size achievable may not be stabilized if the surfactant is insufficient to 
cover the newly created interface, as observed by Barradas et al. (2015). Final drop-
let size results from a balance between two phenomena that happen at the same time 
during homogenization: Breaking of drops into fine droplets and droplet coales-
cence after processing (Jafari et al. 2008). Higher surfactant concentration, increas-
ing shear intensity or duration can contribute to reducing droplet size (Gupta 
et al. 2016b).

The obtention of nanoemulsions through high pressure homogenizers, ultrasonic 
cavitation and microfluidizers has been well described in the literature (Tadros et al. 
2004; Helgeson 2016; Dias et al. 2014), and is considered as a safe method for keep-
ing nanoemulsions from instability phenomena without the addition of stabilizers, 
thickeners, cosolvents or cosurfactants (Anton et al. 2008). Figure 4.5 summarizes 
the high-energy methods reported in this chapter.

Ultrasonication techniques for the preparation of nanoemulsions has also been 
described by several authors (Shahavi et al. 2015; Gupta et al. 2016a; Leong et al. 
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2009). The device comprises a sonication probe constituted by piezoelectric crystals 
able to expand and contract as a consequence to an altering electrical voltage 
(Fig. 4.5a). In consequence to sonicator probe vibration, ultrasonic high-frequency 
waves, higher than 20 KHz, are produced, which are able to wield a cavitation effect 
and causing mechanical vibration and the formation of micro-sized bubbles that 
collapse, causing the disruption of oil-water interface (McClements 2011). As a 
result, fine nanosized droplets are obtained after enough time of processing to 
ensure homogeneous size distribution and polydispersity index (Schwarz et  al. 
2012; Shahavi et al. 2015; Abismail et al. 1999; Sivakumar et al. 2014). The main 
parameters involved in this emulsification procedure are the interfacial properties of 
the emulsion, which can be controlled by the nature and concentration of surfactants 
and the oil properties, such as surface tension and viscosity (Gupta et al. 2016a). 
Moreover, droplet size is dependent on processing time, sonication intensity, type 
and concentration of surfactant (Dias et al. 2014).

High pressure homogenization features the advantage of being applied in the 
production of industrial scale nanoemulsions and greater control in droplet size 
reduction (Abismail et  al. 1999). However, it requires large amounts of energy 
input, being more expensive to perform. The high-pressure valve homogenizer con-
sists basically of a pump, which injects the liquid to be homogenized under very 
high pressure in a restrictive homogenizing valve. Many aspects may influence the 
physicochemical characteristics of the obtained nanoemulsions as temperature, vis-
cosity and oil phase concentration of the emulsions, which affects the choice of the 
operational parameters that must be adjusted for each formulation (Lee and Norton 
2013). In high pressure homogenizer, the sample is forced through small channels 
under a pressure ranging from 500 to 15,000 psi (Gupta et al. 2016a) (Fig. 4.5b).

The sample flows under high pressure through microchannels resulting in a very 
fine emulsion, which causes the disruption of the dispersed droplets. Therefore, the 
radius of the generated droplets decreases gradually according to the increase of the 
shear rate. However, due to the lack of homogeneity of the flow, it is often necessary 
to process this fluid through the device through various cycles, until adequate drop-
lets of size and polydispersity index are obtained. The pressure and number of pro-
cessing cycles can be adjusted to produce nanoemulsions with tunable droplet size 
(Ouzineb et al. 2006; Constantinides et al. 2008).

The use of high-pressure homogenizers and ultrasonicators can lead to nano-
emulsions of equivalent physical-chemical properties upon the optimization of the 
operational conditions and the qualitative and quantitative composition of the for-
mulations. However, some authors have reported some disadvantages regarding the 
use of ultrasonication, such as excessive heating of the sample, larger droplet distri-
bution and low reproducibility in relation to the droplet diameter and polydispersity 
index, in addition to problems related to the difficulties of scale up (Tadros et al. 
2004; Gutiérrez et al. 2008). Moreover, as they require high energy input, they are 
often considered cost-inefficient (Solans and Solé 2012).

Microfluidizers are composed of an interaction chamber where the fluid is 
injected and homogenized by cutting, impact and cavitation, in a design that resem-
bles the high pressure homogenizers (Fig. 4.5c) (Lee and Norton 2013; Tadros et al. 
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2004; Salem and Ezzat 2018). In this case, emulsification can occur inside the chan-
nels, since both dispersed and continuous phases flow inside fine channels 
 individually. Streams are conducted to an interaction chamber under high pressures, 
where they are submitted to disruptive conditions, which provide the formation of 
fine droplets (Lee and Norton 2013; McClements 2011).

In this method, several parameters can influence the obtention of small droplets: 
the viscosity of both dispersed and continuous phases and the type of the surfactant 
used (McClements 2011; Salem and Ezzat 2018). Droplet is shown to decrease as 
homogenization pressure, surfactant concentration and number of processing passes 
increase and viscosity decreases (McClements 2011).

Fig. 4.5 High-energy methods based on mechanical devices, such as ultrasonicators (a), com-
posed by a probe able to produce a cavitation effect and nanosized droplets are obtained after 
enough time of processing to ensure homogeneous size distribution and polydispersity index: High 
pressure homogenizators (b) consist basically of a pump, which injects the liquid to be homoge-
nized under very high pressure in a restrictive homogenizing valve, which causes the disruption of 
the dispersed droplets. Microfluidizers (c) are composed of an interaction chamber where the fluid 
is injected and homogenized by cutting, impact and cavitation. Emulsification can occur inside the 
channels, since streams are conducted to an interaction chamber under high pressures, where they 
are submitted to disruptive conditions, which provide the formation of fine droplets. (Modified 
after Jafari 2017; Rao and McClements 2011)
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4.4.2  Low-Energy Methods

All low-energy emulsification methods are based on physicochemical properties 
and uses the internal chemical energy of the components. In phase inversion meth-
ods nanoemulsification achieve by spontaneous inversion of the surfactant’s curva-
ture providing small size globules (Jin et  al. 2016; Solans and Solé 2012). 
Low-energy emulsifying methods are advantageous because they are effective in 
providing small-sized droplets and allow nanoemulsification by simple stirring 
(Solans and Solé 2012). Figure 4.6 summarizes the most common low-energy meth-
ods, which are reviewed in this chapter.

Nanoemulsification occur by phase inversion in an coarse emulsion as a result of 
dramatic changes in the environmental conditions, in which parameters affecting 
the hydrophile-lipophilic balance (HLB) of the surfactant, as temperature and / or 
concentration are modified (Tadros et al. 2004).

The spontaneous formation of nanoemulsions is achievable by various methods 
based on diffusion of solutes between two phases, interfacial turbulence, surface 
tension gradient and dispersion or condensation mechanisms (Salem and Ezzat 
2018). The spontaneous emulsification (Fig. 4.6a), also referred as self- emulsification 
method is based on the diffusion of a water-miscible component from the organic 
phase into aqueous phase when both phases are put into contact, and one of the 
phases contains a component miscible in both phases. Surfactant, cosurfactant or a 
polar organic solvent such as ethanol or acetone can be examples of dual-soluble 
components (McClements 2011). As a consequence, some of the components par-
tially miscible in both phases diffuse from the original phase towards the other one 
in a rapid diffusion movement, without no phase transition or change in the surfac-
tant spontaneous curvature (Solans and Solé 2012). The sudden diffusion of the 
components provides an increased oil-water interfacial area, which trigger other 
phenomena such as interfacial turbulence and thus, the spontaneous droplets assem-
ble (Anton et al. 2008; Salem and Ezzat 2018).

Spontaneous nanoemulsification and droplet size can be highly influenced by the 
composition of the formulation, some physical chemical properties and the mixing 
conditions (Bouchemal et al. 2004; Rao and McClements 2012). The obtention of 
nanosized micelles can be performed with the addition of high concentrations of 
water-miscible component into the oil phase and very high solvent/oil ratio 
(McClements 2011; Solans and Solé 2012).

Spontaneous emulsification is often related to a special phenomenon called The 
Ouzo effect with beverages based on sweet fennel oil, rich in trans-anethole, that 
allow surfactant-free self-emulsification (Carteau et al. 2008). When water is added 
to the alcoholic oil solution, some of the ethanol molecules diffuse from the organic 
phase into aqueous phase, which reduce sweet fennel oil solubility and small oil 
droplets spontaneously assemble. Spontaneous emulsification has been recently 
explored to provide sweet fennel oil-based nanoemulsions with very reduced 
amounts of surfactants (Barradas et al. 2017).
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Moreover, nanoemulsions can also be obtained from dilution of surfactants 
aggregates, as liquid crystalline particles and bicontinuous microemulsions. Solè 
et al. produced 20 nm oil-in-water nanoemulsions upon dilution of oil-in-water and 
water-in-oil microemulsions by self-emulsification method. The effect of dilution 
procedure, i.e., stepwise or at once, and cosurfactant nature on nanoemulsion for-
mation was studied. Oil-in-water microemulsion provided small-sized 20 nm nano-
emulsion regardless the dilution method and microemulsion composition. On the 
other hand, water-in-oil microemulsion resulted in nanoemulsion when water dilu-
tion was performed stepwise. Regarding cosurfactant nature, droplet size decreased 
as cosurfactant alkyl chain size increased, which enhanced nanoemulsion stability 
(Solè et al. 2012).

Self-emulsification is being applied by pharmaceutical industry to obtain oil-in- 
water nanoemulsions for being a low-cost technique. Moreover, spontaneous emul-
sification is being highly explored to produce self-emulsifying drug delivery systems 
(SEDDS) and self-nanoemulsifying drug delivery systems (SNEDDS). The main 
application of self-emulsifying drug delivery systems comprises the very self- 
emulsification obtention method increase in drug bioavailability and stability of the 
micelles (Wei et al. 2012; Shahba et al. 2012; Anton and Vandamme 2011). However, 
one of the major limitation of this method is the very high concentrations of surfac-
tants needed to trigger self-emulsification, which can cause toxicity (McClements 
2011; Azeem et al. 2009).

Phase inversion-based methods are low-energy techniques that involve the inver-
sion of the surfactant curvature, passing through a transition phase in which surfac-
tant curvature achieves zero curvature, such as bicontinuous microemulsions or 
lamellar liquid crystalline phases (Porras et al. 2008; Tadros et al. 2004; Fernandez 
et al. 2004; Sutradhar and Amin 2013; Mayer et al. 2013; Solans and Solé 2012). 
They are based on the chemical energy released from phase transitions phenomena 
during emulsification process. Phase inversion methods occur when some dramatic 
change in the environmental conditions take place, i.e., temperature or composition. 
These methods require an extensive control in terms of selecting the right surfac-
tant, knowledge of surfactants phase behavior and the most adequate thermody-
namic method. Droplet size provided depends on the selected surfactant, the 
properties of the intermediary phases formed and the interfacial properties between 
both fluids (Helgeson 2016; Maestro et al. 2008).

In phase inversion composition method (Fig. 4.6b), phase inversion occurs by a 
major change in composition of the system. There is an increase of the volumetric 
fraction of the dispersed phase that is added to a microemulsion and then, the cur-
vature of the surfactant is altered. Maestro et al. showed that changes in salt concen-
tration changed the spontaneous curvature of ionic surfactants and prepared 
water-in-oil nanoemulsions from oil-in-water emulsions by means of phase inver-
sion composition. Phase inversion was achieved by the ability of salt ions to screen 
the charges on surfactant groups (Maestro et al. 2008).

Changing pH is also a useful approach to produce nanoemulsions by phase inver-
sion composition. It can provide changes in electrical charge a stability of surfac-
tants. Solè et  al. reported the production of nanoemulsions by phase inversion 
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Fig. 4.6 Schematic diagram of low energy methods: The spontaneous emulsification (a), is based 
on the diffusion of a water-miscible component from the organic phase into aqueous phase when 
both phases are put into contact, and one of the phases contains a component miscible in both 
phases. In phase inversion temperature (b), there is an increase of the volumetric fraction of the 
dispersed phase that is added to a microemulsion and then, the curvature of the surfactant is altered. 
Emulsion inversion phase (c) is known to cause a catastrophic phase inversion, which occurs 
through the inversion in oil-to-water ratio. (Modified after Jin et al. 2016; Anton and Vandamme 
2011; Rao and McClements 2011)
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composition method using ionic surfactant, potassium oleate, for example. At low 
pH values, the carboxyl groups from fatty acids are non-ionized and, thus lipid 
soluble. Under this condition, these molecules can stabilize water-in-oil emulsion. 
However, this situation is inverted if pH is raised. At higher pH values, carboxyl 
groups become ionized which increases water-solubility and provides the stabiliza-
tion of oil-in-water emulsion (Solè et al. 2006).

Phase inversion composition method is considered an interesting approach for 
large-scale production of nanoemulsions, since it relies only on the addition of one 
component to a mixture of components without requiring high temperatures of 
high-energy input, being also beneficial when temperature-sensitive components 
are used. Moreover, phase inversion composition method is not limited a specific 
type of surfactant (Solans and Solé 2012).

For temperature-sensitive surfactants, a phase inversion can be achieved by 
changing the temperature of the system, forcing the transition of an oil-in-water 
emulsion, prepared at low temperatures, for a water-in-oil emulsion, formed at 
higher temperatures, due to changes in the physicochemical properties of the surfac-
tant. This is a typical phase inversion composition example of a transient phase 
inversion, known as phase inversion temperature, in which nanoemulsions are 
formed under a fixed composition by changing temperature, by a drastic change in 
surfactants water solubility, through an intermediate liquid crystalline or bicontinu-
ous microemulsion phase (Fernandez et al. 2004; McClements and Rao 2011).

This process is triggered by the changes in physicochemical properties of surfac-
tant as temperature changes. Polyethoxylated nonionic surfactants are highly 
temperature- dependent. They tend to become lipophilic with increasing tempera-
ture due to dehydration of the chain of the polar part of the surfactant, i.e., ethylene 
oxide groups. During heating, the ethylene oxide groups responsible for the hydro-
philic characteristic of the surfactant are “hidden” and, consequently, there is modi-
fication of the affinity for the phases. As the system undergoes cooling, the surfactant 
passes through a point of zero curvature and with minimum surface tension, which 
provides conditions to the formation of nanoemulsions (Fernandez et  al. 2004; 
Tadros et al. 2004).

The inversion point take place at a specific temperature, i.e., phase inversion 
temperature, when the solubility of the surfactant in water and in oil reach equiva-
lent values. As temperature is continuously raised, the surfactant becomes more 
soluble in the oil phase than in the aqueous phase (McClements 2011). Nanoemulsions 
are obtained by rapidly breaking up microemulsions formed at phase inversion 
point by sudden cooling below phase inversion temperature (McClements 2011). 
Through the phase inversion temperature method very small droplet sizes and stable 
nanoemulsions are obtained. On the other hand, the systems are highly prone to 
coalescence, being unstable, which makes cooling step a critical aspect to obtain 
stable nanoemulsions (Tadros et al. 2004; Solans and Solé 2012).
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In emulsion inversion point method (Fig. 4.6c), one solvent, i.e. water or oil, is 
continuously added under stirring to the dispersed phase until this solvent concen-
tration becomes predominant, at constant temperature. Once a critical amount of 
solvent is achieved, droplets are so highly packed together that phase inversion 
occurs, and the emulsion reaches a phase inversion point from water-in-oil to oil-in- 
water or vice-versa. This causes the spontaneous surfactant curvature to change, i.e., 
micelles are assembled in reverse curvature, which disrupts them into smaller struc-
tures thereby obtaining emulsions with nanometric droplets (Anton et al. 2008).

Emulsion inversion point is considered to cause a catastrophic phase inversion, 
which occurs through the inversion in oil-to-water ratio. The surfactants used to 
produce the catastrophic phase inversion comprise small molecule synthetic emulsi-
fiers able to stabilize both oil-in-water and water-in-oil emulsions. In this method, 
droplet size depends on the stirring speed and the solvent addition speed 
(McClements and Rao 2011).

Although the phase inversion temperature method facilitates the obtention of 
nanoemulsions with nanometric droplet sizes by the fact that it is possible to achieve 
very low values of interfacial tension, the dynamics of droplets coalescence can be 
extremely fast. In order to obtain stable nanoemulsions, the water-oil dispersion 
formed from phase inversion temperature method is readily cooled at a temperature 
just below it. Thus, the lamellar or the bicontinuous system collapse forming small 
droplets kinetically stable, with very small droplet size and narrow size droplet size. 
If the cooling process is not fast enough, the coalescence predominates and a poly-
disperse mixture is obtained (Fernandez et al. 2004).

According to the literature, not only the minimum interfacial tension produced 
during inversion of the curvature of the surfactant, but also the formation of the 
bicontinuous phase or liquid-crystalline phase prior to the inversion locus is closely 
related to the formation of nanoemulsions, in both emulsion inversion point and 
phase inversion temperature methods (Fernandez et al. 2004; Tadros et al. 2004). 
Moreover, complete solubilization of the oil in the bicontinuous phase or in the 
crystalline phase is an extremely important factor for the formation of fine 
nanoemulsions.

4.4.3  Comparison Between Obtention Methods

High energy emulsification processes are different regarding energy input and 
emulsification time: the high-pressure homogenizer, for example, is a high energy 
and low process time method; ultrasonication is a high energy and long process 
method; and rotor stator is a mixer that uses less energy, requiring longer process 
times. On the other hand, low-energy processes can provide smaller droplet sizes 
compared to high-energy methods. However, there are limited options for surfac-
tants to be used in low-energy approaches, which exclude several natural surfactants 
as proteins or polysaccharides (Rao and McClements 2012). Besides, low-energy 
methods, as they cannot count on high shear energy devices, require large amounts 
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of surfactants, which can limit the pharmaceutical application of the obtained 
nanoemulsions.

Jafari, He, and Bhandari compared different methods of high energy emulsifica-
tion, it was observed that the average mechanical mixer produced emulsions with 
large droplet size, in a range above 10,000 nm, because, in this case, the main defor-
mations forces are shear stresses in laminar flow that are not able to efficiently break 
the droplets. The stator rotor mixer proved to be more efficient than the average 
mechanical mixer in the formation of smaller droplets, of about 1000 nm, and with 
narrow size distribution, due to the incorporation of more forces on the shear that 
can form smaller droplet sizes, for example, inertial forces (Jafari et al. 2007).

Considering the other two emulsification systems, the high-pressure homogeni-
zation, and microfluidization, provided droplet sizes and size distribution smaller 
than the ultrasonication due to the greater efficiency in the rupture of the drops, or 
with cavitation along with shear and inertial forces, in addition to the higher energy 
input. From these results it can be shown that the difference in droplets size obtained 
is directly related to the energy input (Jafari et al. 2007).

Comparing both high and low energy emulsification methods, it was verified the 
variation of the droplet size as a function of time for nanoemulsions prepared using 
the phase inversion temperature method and high-pressure homogenization. In both 
cases, an increase in droplet hydrodynamic size after a certain time the preparation 
of nanoemulsions. However, when high pressure homogenization is used, the drop-
let size can be maintained at lower values for longer periods of time. On the other 
hand, phase inversion temperature method provides a faster destabilization of the 
system (Tadros et al. 2004).

Phase inversion composition method and high-pressure homogenization were 
compared in the production of oil-in-water efavirenz-loaded nanoemulsions. Phase 
inversion composition method was performed by dilution in water. Nanoemulsions 
were evaluated regarding the physical stability when submitted to heating-cooling 
cycles, centrifugation and freeze-thaw cycles, water-dispersibility, droplet size, rhe-
ology and dilution impact on droplet size. Both nanoemulsions showed good physi-
cal stability and water dispersibility. Regarding viscosity, there was no significant 
difference between nanoemulsions prepared by each method. Nanoemulsions pre-
pared through phase inversion composition method showed to be more transparent 
than those prepared by high-pressure homogenization, this is due to the concentra-
tion of surfactant and oil/surfactant ratio used to prepare nanoemulsions by each 
method. Droplet size showed no significant difference between both methods. 
However, polydispersity Index was found to be significantly different between the 
methods. Phase inversion temperature method provided polydispersity index from 
0.150 to 0.404, while high-pressure homogenization varied from 0.637 to 0.812. 
Both nanoemulsions proved to be stable under infinite dilution. Droplet size and 
polydispersity index remained unaltered after sample dilution. Drug release also 
showed differences between nanoemulsions made by high-energy and low-energy 
emulsification methods. Drug release from nanoemulsion prepared by high- pressure 
homogenization was smaller than that prepared by phase inversion composition 
method, which can be a consequence of polydispersity index (Kotta et al. 2015).
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Yang et al. compared microfluidization with spontaneous emulsification in the 
production of food-grade nanoemulsions with 20% of oil phase and same type and 
concentration of surfactants. The influence of the surfactant used end surfactant-oil 
ratio, stability and droplet size were also evaluated. Microfluidization produced 
nanosized droplets with less than 100 nm, using lower surfactant-to-oil ratio than 
spontaneous emulsification. Besides, microfluidization showed a linear decrease in 
droplet radius as surfactant concentrations increased until it reached a value where 
no difference in droplet size is observed, suggesting that minimum droplet size was 
achieved. Spontaneous emulsification also produces droplets smaller 100 nm, even 
though to do so, it required considerably higher, i.e., ten-fold higher of surfactant 
concentration. Regarding the kinetic stability, microfluidization provided stable 
droplets against aggregation and gravitational separation phenomena for at least 
30 days. Spontaneous emulsification, on the other hand, provided droplets sizes that 
increased after one-month storage. Moreover, nanoemulsions showed creaming 
instability signs (Yang et al. 2012).

4.5  Stability of Nanoemulsions

As previously mentioned, nanoemulsions are characterized for being kinetically 
stable. Nanoemulsions shelf life can be further improved with some stabilization 
strategies that aim at maintaining bulk and droplet properties stable for longer peri-
ods of time. In order to achieve stable nanoemulsions several stabilization methods 
can be used, such as electrostatic, steric and mechanical stabilization (Cardoso- 
Ugarte et al. 2016).

Repulsive electrostatic forces between droplets can ensure proper droplet separa-
tion and prevent coalescence and/or flocculation. This is related to surfactant super-
ficial charge and is responsible for the high stability of ionically-charged 
nanoemulsions. Electrostatic stabilization is more important with smaller droplets, 
since they have an increased superficial area (Helgeson 2016).

Superficial charge is often provided by the surfactants, especially natural surfac-
tants, as biopolymers with surface activity like proteins, polysaccharides, which can 
stablish electrostatical intermolecular interactions depending on concentration, pH 
and isoelectric point, and ionic strength of the solution (Cardoso-Ugarte et al. 2016). 
When pH of the surrounding solution is far from protein isoelectric point, proteins 
residues are charged and there is an electrostatic repulsion that hinders droplets to 
aggregate (Dickinson et al. 1991).

Non-ionic surfactants also can provide stabilization, even though they are not 
charged. Steric stabilization is preponderant in the case of non-ionic surfactants, 
particularly with amphiphilic non-ionic polymers, which can form voluminous 
interfacial films around droplets able to prevent coalescence. Amphiphilic block 
polymers are advantageous since less amounts of surfactants are required to stabi-
lize droplets. On the other hand, in some cases, macromolecular surfactants can 
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have difficult diffusion towards droplets interface due to their size and molecular 
mobility (Bouyer et al. 2012; T. Tadros 2009; Qian and McClements 2011).

Steric stabilization comprises three main mechanisms: (i) non-adsorbent macro-
molecules which provide an elastic film around droplets that avoid droplet collision 
and deformation, (ii) branched macromolecules that form a voluminous surface that 
prevent droplets from approaching, (iii) stabilization due to hydrophobic interac-
tions between adsorbed macromolecular surfactants (Cardoso-Ugarte et al. 2016).

The addition of viscosity agents and gelling polymers in the outer phase of nano-
emulsions is often called as mechanical stabilization, since they can reduce droplets 
mobility by providing a mechanical network that serves as a barrier to aggregation. 
Viscosity agents are often called as stabilizers and produce semi-solid or gel-like 
systems. However, stabilizers should be used with caution, since important proper-
ties as optical appearance, droplet size and encapsulation efficiency can be modified 
(Behrend et al. 2000; Dickinson 2009).

4.5.1  Instability Phenomena

As nanoemulsions are formed from non-spontaneous process they tend to undergo 
instability phenomena such as flocculation, coalescence and Ostwald ripening and 
gravitational phase separation as conventional emulsions. However, the small size 
of the droplets in a nanoemulsion confers enhanced kinetic stability, compared to 
ordinary emulsions (McClements 2011).

Thus, nanoemulsions can be destabilized by several different phenomena: (i) 
irreversible phenomena, related to the permanent modification of the droplet size 
and may lead to complete phase separation; (ii) reversible flocculation of droplets, 
which may be followed by creaming or sedimentation, according to the respective 
densities of the dispersed and continuous phases (Tadros et  al. 2004; Sing et  al. 
1999; Abismail et al. 1999). In general, nanoemulsions tend to be more stable to 
gravitational separation, flocculation and coalescence and more susceptible to 
Ostwald ripening (McClements 2011).

Reversible phenomena involve aggregation and migration of droplets, as floc-
culation and creaming. Irreversible phenomena are related to the modification of 
droplet size, for examples, coalescence. Droplets can co-exist in nanoemulsions as 
individually separated entities or as flocs, i.e., droplets aggregates formed as conse-
quence of attractive interactions among them, characterizing a flocculated system 
(McClements 2015; McClements and Jafari 2018).

Flocculation is a reversible phenomenon in which the droplets dispersed in an 
emulsion aggregate and migrate, aiming to reach the thermodynamic equilibrium 
by decreasing the chemical potential differences that exist throughout the system. 
During this process, the droplets collide randomly and can remain in contact after 
these shocks, producing aggregates or flocs (Katsumoto et  al. 2001; Starov and 
Zhdanov 2003). In flocculation, droplets aggregate without the rupture of the inter-
facial surfactant film, being a reversible phenomenon. The flocculation rate depends 
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on attractive forces between droplets, the frequency of collisions between droplets 
and how long they remain in contact (Wang et al. 2009). In a dilute system, floccula-
tion may accelerate gravitational phase separation as a consequence of the increase 
in droplet size. On the contrary, in concentrated systems, flocculation can prevent 
gravitational phase separation, since the aggregates may produce a tree-dimensional 
network which may be a barrier to phase segregation (McClements and Jafari 2018).

According to the difference of density between both inner and outer phases, the 
aggregates formed in the flocculation phenomenon may show gravitational separa-
tion such as sedimentation or creaming. When less dense aggregates are formed, 
they can rise to the surface, characterizing the phenomenon of creaming. 
Contrarywise, when inner phase shows higher density, denser aggregates are formed 
and deposited at the bottom of the system, constituting the sedimentation process 
(Fig. 4.7). Both sedimentation and creaming phenomena are related to gravitational 
forces that can influence whether the aggregates will move upwards or downwards, 
depending on the difference of density between inner or outer phases. Hence, both 
phenomena are most prone to occur with droplets with increased droplet size, as 
larger objects are more susceptible to gravitational forces. Thus, gravitational sepa-

CREAMING

PHASE INVERSION OSTWALD RIPENING

COALESCENCE

FLOCCULATION

Fig. 4.7 Instability phenomena in emulsions and nanoemulsions. Reversible phenomena com-
prise aggregation and density-driven migration of droplets, as flocculation and creaming. 
Irreversible phenomena are related to a definitive increase of droplet size, for example: coales-
cence, Ostwald ripening and, the most drastic, phase inversion. (Modified after McClements and 
Jafari 2018; Taylor 1998)
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ration can be reduced with smaller droplet sizes, increasing the viscosity of continu-
ous phase or by reducing the density difference between dispersed and continuous 
phases (McClements 2011; McClements and Jafari 2018).

Some surfactants as proteins and polysaccharides can change droplet density by 
forming a shell layer on droplet surface, which can prevent gravitational separation 
phenomena such creaming, since it reduces density differences between inner and 
outer phases. Moreover, it can be possible to produce tunable-density droplets by 
controlling droplet size and thickness of surfactant layer (McClements 2011).

Irreversible phenomena include the Ostwald ripening, phase separation and 
coalescence, which may lead to the eventual complete phase separation (Sing et al. 
1999). Coalescence can occur when droplets collide and merge, producing one 
larger droplet. Coalescence can lead to complete phase separation but can be avoided 
when repulsive interactions are provided by either electrostatic or steric effects, 
which is achievable by the right choice of surfactant (McClements and Jafari 2018).

Ostwald ripening is often considered as the main cause of instability of a nano-
emulsion (Liu et al. 2006). This process is dependent on the polydispersity of the 
system, the solubility of dispersed phase in the continuous phase and the difference 
in solubility between droplets of different sizes. Ostwald ripening is the process by 
which the larger particles grow from the smaller droplets due to the greater solubil-
ity of the smaller droplets and by the molecular diffusion of the continuous phase.

In polydisperse nanoemulsions, there is a difference between the capillary pres-
sure from different-sized droplets which makes the small droplets of the dispersed 
phase to diffuse into the large droplets (Chebil et al. 2013; Taylor 1998). As a con-
sequence, the larger droplets grow from the smaller ones that have greater chemical 
potential. Thus, the droplets content diffuses through the dispersing phase due to the 
greater solubility of the smaller droplets, which does not require contact between 
the droplets. This phenomenon aims to decrease the total energy of the system by 
reducing the total interfacial area, which can be avoided with the use of insoluble 
oils and with the choice of suitable polymeric surfactants (T. Tadros et al. 2004; 
C. Solans et al. 2005; Constantinides et al. 2008).

The rate of droplet growth depends on the product of the solubility of the dis-
persed oil in the aqueous continuous phase and oil diffusion coefficient and is 
explained by the Lifshitz-Slezov-Wagner theory (Taylor 1998). It predicts that the 
Ostwald ripening rate presents a linear relationship between the dispersed phase 
droplet radius and time. Lifshitz-Slezov-Wagner theory assumes that the droplets of 
the dispersed phase are spherical and furthermore the distance between them is 
greater than the diameters of these droplets and the kinetics is controlled by molecu-
lar diffusion of the dispersed phase in the continuous phase. Also according to this 
theory, the Ostwald ripening rate in oil-in-water nanoemulsions, although is pre-
dicted to be lower than in conventional emulsions, is directly proportional to the 
solubility of the oil in the aqueous phase (Helgeson 2016).

However, the decrease in droplet size causes the increase of oil solubility in 
water, which is the driving force of Ostwald ripening. As the main factor for Ostwald 
ripening is the solubility of oil phase in water, it does not configure a real issue when 
it comes to poorly water-soluble oils. On the other hand, for nanoemulsions formu-
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lated with oils with some water-solubility, Ostwald ripening might represent the 
main instability event (McClements 2011).

Tadros et al. presented two methods that tended to delay the increase in droplet 
size. In the first, a further dispersed phase that is insoluble in the continuous phase 
is added to the nanoemulsion (Tadros et al. 2004). The fact that it is insoluble causes 
the droplets to remain almost unchanged in size, generating a balance in the chemi-
cal potential due to the partitioning of the dispersed phases. This method has limited 
application because of the difficulty of finding a phase that fully meets this process. 
From these results, reduction of the Ostwald ripening process can be observed by 
the addition to the system of a small amount of a second oil with low solubility in 
the aqueous phase.

The second method consists in the modification of the interfacial film between 
the oil phase and water, i.e. outer phase, by adding another surfactant, preferably a 
block copolymer A-B-A type. The effect would be the adsorption of this copolymer 
at the oil-in-water interface reducing interfacial tension and balancing curvature 
effects, which would reduce the diffusion rate of the dispersed phase, minimizing 
droplet ripening (T. Tadros et al. 2004). In addition, for a system containing a non-
ionic surfactant based on poly (ethylene oxide), the Ostwald ripening rate can also 
be decreased by adding a second surfactant having the same hydrophobic group and 
with a higher hydrophilic content, i.e., ethylene oxide chains, than the primary sur-
factant (C. Solans et al. 2005).

Several studies were performed to describe and to modulate the Ostwald ripen-
ing mechanism. They suggested that the Ostwald ripening can also be delayed or 
disrupted by size, interfacial viscosity or elasticity of the droplets. This occurs when 
the interfacial tension between the dispersed phase and the continuous phase equals 
zero. For a number of drops of the emulsion it was also shown that the Ostwald 
ripening could be disrupted by interfacial elasticity, even at finite interfacial ten-
sions (Meinders and van Vliet 2004; Liu et al. 2006).

Repeated collisions might trigger coalescence, which is the mechanical fusion of 
two droplets (Helgeson 2016). Coalescence occurs after prolonged contact between 
the particles, when the adhesion energy between two droplets is greater than the 
turbulent energy that causes the dispersion. The mechanism is based on the rupture 
of the thin film between adjacent droplets, which leads to the joining of two drop-
lets, forming one of larger size. The origin of the rupture of this film can occur due 
to a mechanical instability in the emulsion. When a large number of particles 
coalesce, the result is complete separation of the phases. The greater the extent of 
this phenomenon, the greater the tendency to complete phase separation (Sing 
et al. 1999).

Irreversible changes caused by Ostwald ripening lead to the formation of larger 
droplets, i.e., the formation of less stable emulsions, which may be responsible for 
phase separation. Phase inversion may occur due to temperature variation and/or 
change in composition of the emulsion.

The composition of nanoemulsions can be tuned towards to produce kinetically 
stable systems. The adequate selection of oil and aqueous phase and, most impor-
tantly, surfactants are essential to an ideal nanoemulsion design.
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4.6  Characterization of Nanoemulsions

A wide range of analytical methodologies are required in order to fully characterize 
nanoemulsions droplet size, aggregation, charge and physical state and bulk proper-
ties as rheology and stability. The most used are described in more details here.

4.6.1  Dynamic Light Scattering

Droplet size distribution are some of the most important physical characteristics of 
nanoemulsions and can influence a great number of characteristics, since droplet 
size can influence bulk properties, such as optical properties, rheology and stability 
(McClements 2011) and also other functional properties as solubility, release profile 
and bioavailability (Bourbon et al. 2018). In general, when nanoemulsions are pro-
duced, a range of different droplet sizes are distributed all over the system. Hence, 
droplet size is often reported as mean droplet size and polydispersity index (PdI). 
PdI values below 0.3 is indicative of a narrow size distribution whereas values close 
to 1.0 are indicative of very high size heterogeneity (Klang and Valenta 2011).

Dynamic light scattering (DLS) (λ = 500 nm) is based on measurements of pho-
ton correlation spectroscopy caused by the Brownian motion of droplets. The diffu-
sion of small isometric particles is rapid, causing faster fluctuations in the intensity 
of scattering light compared to large particles that diffuse more slowly. The particle/
droplet size analyzer is based on the typical principle of DLS. This principle com-
prises four main components. The first of all is the laser beam, which is used to 
provide the light source to illuminate the particles inside the vial. Most of the laser 
beam passes rectilinearly through the sample, but another part of it is scattered by 
particles or droplets dispersed in the medium (Dorfmüller 1987).

A detector is used to measure the intensity of scattered light. As one single par-
ticle scatters light in all directions, it is possible to place a detector at any position 
and still detect the scattering. In DLS, the position of 90°, from the detector to the 
incident light beam, is a classical detection arrangement. However, it provides a 
narrower detectable size range and thus, can only be used for low sample concentra-
tions (Dorfmüller 1987).

Another common device used for particle size analysis feature the position of the 
detector in 173° from the transmitted light beam. The scattered light intensity must 
be within a specific range for the detector to measure it successfully. When the 
amount of light detectable is out of this range attenuators should be applied to 
reduce the light intensity of the laser and thus reduce the scattered intensity 
(Dorfmüller 1987).

The intensity of the scattering signal is transmitted to the detector by a digital 
signal processor called correlator. The correlator compares the scattering intensity 
at successive time intervals to derive the rate at which the intensity varies. The 
detection optics of this equipment measure the information of the scattering near 
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180°, being known as backscatter detection, patented technology known as non- 
invasive backscatter (Porras et al. 2004).

Analysis of apparent hydrodynamic radius (rh) are often performed under the 
dilute regimen, which makes it possible to obtain the diffusion coefficient D as the 
Eq. 4.3, where η is the viscosity of the medium (Wang et al. 2008).

 r KT Dh = / 6πη  (4.3)

With very concentrated samples the apparent droplet size can be overestimated 
because of multiple scattering due to long-length colloidal interactions among close 
droplets. In this context DLS measurements can be often limited by the necessity of 
diluting the samples.

The mean droplet size obtained from DLS can be determined by different man-
ner, for instance, number, intensity (Z-average) and volume values. Hence, it is 
fundamental to be clear about the type of determination applied to droplet size char-
acterization, since these values can be very discrepant, depending on sample con-
centration, polydispersity and refraction index.

In order to characterize droplet size, techniques such as electron microscopy, 
X-Ray and Neutron Scattering of liquid emulsions, spectro-turbidity and dynamic 
light scattering can be used, the latter being the most used in the characterization of 
nanoemulsions (McClements 2015).

Droplet size can also be characterized by transmission electron microscopy, 
which can visually provide droplet size and distribution in nanoemulsions of nano-
metric droplet sizes. From this technique it is also possible to observe morphologi-
cal spherical shape of droplets and evaluate the destabilization of the nanoemulsions, 
in which droplet coalescence can observed. However, transmission electron micros-
copy has also limitations, which are often related to sample preparation that can 
induce to coalescence upon solvent evaporation during drying step. Besides, con-
trast with heavy metals as drying can also alter droplets environment and induce to 
some instability phenomena. High-energy electron beams can ruin nanostructure of 
droplets, which can be overcome by Cryo- transmission electron microscopy 
techniques.

4.6.2  Zeta Potential

Nanoemulsions formulated with ionic surfactants feature superficial charge. The 
type and magnitude of the superficial charge of droplets are responsible for many 
characteristics of nanoemulsions, such as stability against aggregation phenomena 
and functional properties like mucoadhesivity and absorption (McClements 2015).

The electrical characteristics of nanoemulsion can range from strongly positive, 
to neutral and strongly negative depending on the surfactant charge and the sur-
rounding conditions. Droplet superficial charge can be characterized by zeta poten-
tial. Zeta potential describes the electro-kinetic potential in a system. Charged 
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nanodroplets dispersed in a liquid system attract opposite-charged ions close to sur-
face, providing a double layer with a certain thickness that can vary depending on 
the type and concentration of counter-ions (Jin et al. 2016). With the distribution of 
counter-ions in the surrounding droplet layer, any movement between rigid and 
mobile phases provides an electrokinetic potential (Bourbon et al. 2018). The stern 
layer plays an important role in the stabilization of nanoemulsions, since stern layer 
is responsible for the repulsive forces that prevent droplets from aggregate.

Zeta potential measurements results are presented in millivolts (mV) and is car-
ried in an electrophoretic cell, where two electrodes create an electrical field and 
migration of colloidal particles or droplets is measured. Zeta potential can be 
strongly affected by pH and ionic strength of the system (Bhattacharjee 2016). 
Other factors can greatly influence zeta potential as the state oh hydration and drop-
let morphology. According to literature, zeta potential values above 60 mV suggest 
excellent electrostatic stability, while results from 60 to 30 mV indicate good stabil-
ity and from 5 to 15 mV suggest a region of limited flocculation and from 3 to 5 mV 
correspond to maximum flocculation (Bourbon et al. 2018). When zeta potential 
values are high in module, droplets would repulse each other and the system is less 
prone to coalescence (de Oliveira et al. 2014; Junyaprasert et al. 2009; Svetlichny 
et al. 2017).

Nanoemulsion stabilized by anionic surfactants show negative superficial charge 
and those stabilized by cationic surfactants present positive superficial charge. By 
controlling the amount and the type of surfactant used when formulating nanoemul-
sions, it is possible to tune the superficial charge according to the characteris-
tics needed.

4.6.3  Rheological Behavior

Bulk physicochemical properties, as rheological behavior can deeply impact nano-
emulsions applicability, particularly for some applications routes as topical or der-
mal application (Barradas et al. 2018). Rheology is an important tool to characterize 
nanoemulsion stability. In general, flocculated systems are more viscous than a non- 
flocculated nanoemulsion with the same droplet size and concentration (McClements 
and Rao 2011). Moreover, rheological viscoelastic properties reflect flow behavior 
and the deformation during nanoemulsions industrial production in processing steps 
as flow through pipes, mixing and packaging (Chung and McClements 2018).

Flow behavior of nanoemulsions are measured apparent viscosity values as a 
function of shear rate or shear stress. Viscoelastic properties are determined under 
dynamic oscillation modes and are presented as viscous (G′) and elastic (G″) modu-
lus as a function of deformation of frequency. Typically, dilute small-sized nano-
emulsions can show low viscosity and a newtonian behavior as previously published 
by Barradas et al. (2017). The elastic modulus provides information about the elas-
tic properties and the stored energy, being considered a solid-like property. On the 
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other hand, the viscous modulus indicates the viscous properties and the energy 
dissipated as heat being a liquid-like property.

Nanoemulsions viscosity increases as droplet increases and when dispersed 
phase is more concentrated. As droplet concentration increases, there is a tendency 
to aggregation among them, which can increase both viscosity and viscoelastic 
behavior (Tadros 2004). Droplet aggregation can change flow behavior from newto-
nian to shear thinning and increase elastic modulus of concentrated nanoemulsions. 
Shift on rheological behavior occur once critical droplet concentration is achieved. 
Besides, rheological behavior of nanoemulsions can be altered by strong electro-
static attractive or repulsive interactions among the droplets, which can provide a 
three-dimensional network and increase viscoelastic behavior.

The viscosity of oil phase can also greatly influence rheology and viscosity of 
nanoemulsions. Longer fatty acids chains lengths are able to increase viscosity of 
vegetable oils. As oil degradation occur, the size of fatty acids chains can be reduced 
by hydrolysis, which often causes the reduction in nanoemulsions viscosity as 
reported by Barradas et al. 2017. Thus, rheology can be an important tool to access 
nanoemulsion stability.

Rheology can also be a useful approach to characterize nanoemulsions micro-
structure and classify them as viscous, viscoelastic or semi-solid materials. Transient 
non-destructive tests are often applied to study structural recovery time of nano-
emulsions after a constant stress is applied. This measurement can provide impor-
tant information regarding the strength of intermolecular bonds and microstructure 
of the sample. For example, for injectable nanoemulsions it is fundamental to pre-
dict formulation viscosity, rheological behavior and structural integrity after being 
submitted to high deformation upon passing through a syringe.

Dynamic oscillatory tests can determine viscoelastic properties of the samples, 
allowing to classify them into fluid-like, solid-like, gel-like and semi-solid materials 
(Helgeson 2016; Chung and McClements 2018). Both frequency and strain stress 
can be tuned to obtain information about the macrostructure of materials. Non- 
destructive experiments are often performed under small strains and low frequen-
cies in order to maintain internal structure unaltered, within linear viscoelastic 
region. Largely destructive measurements are conducted to reproduce stresses to 
which nanoemulsions can be submitted during production or practical application. 
High stresses are applied to cause flow or large deformations. In these cases, for 
liquid-like fluid nanoemulsions, viscosity is reported as apparent viscosity at a 
particular shear stress (Chung and McClements 2018).

4.6.4  Conductivity

Calderò et al. produced nanoemulsions oil-in-water nanoemulsions from water-in- 
oil emulsions by phase inversion composition method as a template for polymeric 
nanoparticles by solvent evaporation. Conductivity determinations were used to 
confirm phase inversion from water-in-oil to oil-in-water (Calderó et al. 2011). As 
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water concentration was increased, conductivity was significantly raised until a 
maximum, when it dropped. It was justified by the fact that at lower water concen-
trations, conductivity increases as the electrolytes in the system become gain mobil-
ity. However, with higher water concentrations, a dilution effect in the charged 
components takes place, which causes the conductivity (Calderó et al. 2011).

4.6.5  Phase Behavior

Small-angle neutron scattering (SANS) has been quite explored for structural char-
acterization for phase behavior and surfactant curvature during low-energy emulsi-
fication methods (Solans and Solé 2012). Moreover, it is considered a valuable tool 
for characterizing bulk properties of nanoemulsions, since neutron wavelengths can 
probe nanosized materials (Graves et al. 2005). SANS provide the identification of 
ordered regions within the sample, which can be observed as spots in the scattering 
pattern. In contrast, amorphous and disordered regions show a diffuse pattern dis-
tributed all over the scattering profile. Moreover, a color-detector provide different 
intensity levels, which can emphasize scattering from ordered liquid crystalline 
regions in the presence of disordered phases (Sonneville-Aubrun et al. 2009).

Compared with DLS, SANS provides information of droplet size in a wide range 
of sizes and regarding the internal structure of nanosized droplets, by performing 
selective deuteration of the components. Besides droplet size information, SANS 
provide information regarding droplet structure, such as core-shell structure, globu-
lar drops or bicontinuous microemulsion (Wang et al. 2008).

Sonneville-Aubrun et al. produced 100 nm oil-in-water nanoemulsions by per-
forming the addition water to a water-in-oil reverse microemulsions by phase transi-
tion methods and used SANS as a tool to study phase inversion stages. Measurements 
were performed immediately after the addition of water to the microemulsion. The 
SANS profiles showed that in the early stages of water addition, the initial forma-
tion of mesophase occurred, suggesting that a liquid crystalline region was formed 
as a transition phase. Moreover, SANS showed a strong change in surfactant curva-
ture progressively or abruptly as the hydration of the surfactant polar group occurs, 
depending on the speed of water addition (Sonneville-Aubrun et al. 2009).

SANS has also been used to study silicone anionic nanoemulsions produced with 
different oil volume fractions, from 0.008 to 0.6. At dilute oil volume fractions, 
droplets are spherical. As silicon volume fractions increased above a critical jam-
ming point, the primary peak increased, suggesting more frequent interactions and 
deformations among droplets due to electrostatic repulsion of neighboring droplets 
(Graves et al. 2005).
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4.7  Application of Nanoemulsions

Nanoemulsions feature the most diverse applications in the cosmetics and pharma-
ceutical industry (Singh et al. 2017; Sutradhar and Amin 2013; Jaiswal et al. 2015). 
The small droplet size, increased surface area, high kinetic stability and optical 
transparency of nanoemulsions, compared to conventional emulsions, offer them 
advantages in many technological applications, some of them are explored below. 
The ability to encapsulate lipophilic bioactive molecules and improve solubility and 
stability of lipophilic components, makes oil-in-water nanoemulsions a useful tool 
to enhance the delivery of natural oils. Qian et  al. produced β-lactoglobulin- 
stabilized nanoemulsion for encapsulation of carotenoids, natural antioxidant easily 
chemically degradable. The influence of ionic strength, temperature and pH on 
chemical stability of β-carotene and physical stability of nanoemulsions was stud-
ied. Color fading due to chemical degradation of β-carotene was significantly 
smaller to β-lactoglobulin-stabilized nanoemulsions, which showed to be an effec-
tive approach to increase chemical stability of bioactive molecules, such as 
β-carotene (Qian et al. 2012).

The encapsulation of lipophilic components, as vegetable oils provides easier 
handling or administration and incorporation into a pharmaceutical secondary for-
mulation, for example, gels, lotions or creams. Besides, nanoencapsulation of veg-
etable oils can also increase bioavailability by increasing water solubility and due to 
small droplet size, promote rate and site-controlled delivery and protect from envi-
ronmental degradation and prevent early evaporation (Dias et al. 2014; Sutradhar 
and Amin 2013).

The encapsulation of bioactive molecules and vegetable oils can be useful in 
developing novel pharmaceutical formulations for masking unpleasant taste or 
smell of some drugs, which is especially useful for pediatrics formulations (Amin 
et al. 2018). Moreover, nanoemulsions are useful tools to improve bioavailability of 
both synthetic drugs and biologically active lipids or probiotics, as polyphenols and 
oil-soluble vitamins, for example, which can improve the pharmacological effect 
(Chen et al. 2011; Salem and Ezzat 2018). Yen et al. developed nanoemulsions for 
improving bioavailability of andrographolide, a poorly water-soluble anti- 
inflammatory. The results indicated a significantly enhanced bioavailability of six-
fold from nanoemulsions in comparison with conventional drug suspension. The 
ability of preventing gastrointestinal inflammatory disorders was much higher for 
nanoemulsions then for drug suspension (Yen et al. 2018). Besides, there is a gen-
eral understanding that both solubility and bioavailability of poorly soluble drugs 
increase with reduced droplet size. The most plausible explanation is the enhance-
ment of surface contact area, which can increase contact with solvents or cells.

Lane et al. studied the bioavailability of omega-3-rich algal oil encapsulated by 
nanoemulsions as a prophylactic strategy to prevent coronary heart disease and 
cerebrovascular disease in 11 subjects, which were fed with the formulations. This 
study investigated whether the ingestion of omega-3-loaded nanoemulsions 
increased bioavailability in comparison with free oil. The results showed that 
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 bioavailability of omega-3 and polyunsaturated oils was drastically enhanced in 
patients fed with nanoemulsions (Lane et al. 2014).

The solubility of oil encapsulated in nanoemulsions increases with the reduction 
of droplet size. According to McClements studies (McClements 2011), the solubil-
ity of a typical oil was increased by 2.24, 1.08, 1.01 and 1.00 when droplet sizes of 
10, 100, 1000 and 10,000 nm, respectively, were obtained. It is due to modification 
in oil-water partition coefficient of the encapsulated substance (McClements 2011).

A great number of studies have reported that oil-in-water nanoemulsions can 
increase antimicrobial activity of essential oils against several microorganisms as 
bacteria and fungus (Salvia-Trujillo et al. 2015; Sonu et al. 2018; Chuesiang et al. 
2019). The encapsulation of essential oils into nanosized droplets can lead to a great 
disruptive activity of essential oils on cell membranes of microorganisms 
(McClements and Jafari 2018). Chuesiang et al. produced cinnamon oil-loaded oil- 
in- water nanoemulsions by phase inversion temperature method and investigated 
water-miscibility and antimicrobial activity against Escherichia coli, Salmonella 
enterica serova Triphimurim, Staphylococcus aureus and Vibrio parahaemolyticus. 
Cinnamon oil features biological activities, which is related to cinnamaldehyde, 
cinnamon oil main constituent, that is able to interact with bacterial cell membrane 
(Chuesiang et al. 2019). Nanoemulsions increased antimicrobial activity probably 
due to the encapsulation of cinnamaldehyde, which is prone to chemical degrada-
tion in its free form. Besides, water dispersibility of cinnamon oil was enhanced by 
nanoencapsulation, which can allow the use as a natural preservative to be incorpo-
rated in food or beverages. Moreover, smaller droplets seemed to be more effi-
ciently transported through bacterial membranes, and thus provided high 
antimicrobial activity in comparison with larger droplets, even though the latter 
contained higher amounts of cinnamon oil (Chuesiang et al. 2019).

A wide range of bioactive natural oils feature important antioxidant properties, 
however, as they are highly lipophilic molecules, the incorporation of these compo-
nents into many aqueous pharmaceutical formulations can be limited. In this con-
text nanoemulsions rise as an encapsulation approach to provide protection to the 
droplet content, while preserving bioactive molecules functional properties. Rinaldi 
et al. produced neem oil-loaded nanoemulsions by ultrasound sonication Tween 20® 
as surfactant. The antioxidant activity of neem oil alone and encapsulated into nano-
emulsions were quite similar, suggesting that nanoemulsions are efficient in encap-
sulating bioactive molecules, while maintaining functional activity of neem oil. 
Moreover, cytotoxicity was significantly reduced when Neem oil was incorporated 
in droplets in comparison with free Neem oil (Rinaldi et al. 2017).

Nanoemulsions can be applied in the controlled release of bioactive molecules in 
the pharmaceutical and cosmetic area. This is due to the large surface area and low 
interfacial tension of droplets, which allows the effective penetration of active phar-
maceutical ingredient. Because of the small size of nanosized oil-loaded droplets, 
they can penetrate the stratum corneum and can they also be applied in alcohol-free 
perfume formulations (Rai et al. 2018). The encapsulation of vegetable oils can be 
particularly beneficial for volatile components, such as essential oils and aromas. 
The encapsulation approach can control the release and evaporation rate of  bioactive 
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molecules and volatile components, which can bring important for aroma percep-
tion and duration (McClements 2015). Time-controlled oil release can be tuned by 
modulating the lipophilicity of the inner phase. High lipophilicity can lead to a more 
sustained oil release. Droplet size in the case of nanoemulsions is not a limiting 
parameter for release profile (McClements 2011).

Because the nanoemulsions are often transparent, they are related to freshness, 
purity and simplicity even when carrying great amounts of oil. This characteristic 
has been very much valued in both pharmaceutical and cosmetic industries. It is 
only achieved when droplet size is too small (<70 nm) to avoid strong light scatter-
ing and ensure optical transparency, which is also dependent on polydispersity. In 
that context, optically transparent products can be produced when small droplet size 
and narrow size distribution are obtained and maintained for a considerable period 
of time (Wooster et al. 2008). Transparent nanoemulsions can be prepared by both 
high-energy and low-energy methods by adjusting and optimizing oil and aqueous 
phase composition, surfactants and processing parameters to achieve small droplet 
sizes and prevent Ostwald ripening and aggregation phenomena (McClements 2011).

Nanoemulsions with small droplet size can be sterilized through filtration and 
lead to a wide variety of water-based pharmaceutical products. A wide variety of 
products are obtained with the use of nanoemulsions, for example: lotions, moistur-
izers and transparent gels, with different rheological behavior (Helgeson 2016). 
Parenteral, or injectable, administration of nanoemulsions is employed for a variety 
of purposes, i.e., nutrition, for example in the administration of vegetable oils, vita-
mins, among others, and topical or systemic drug release. Nanoemulsions are 
advantageous for intravenous administration because of the rigid requirements of 
this route of administration, particularly the need for a droplet size in the formula-
tion below 1 μm (Hörmann and Zimmer 2016). The benefit of nanoemulsions in oral 
drug administration has also been reported in the absorption of the emulsion in the 
gastrointestinal tract which has been correlated with droplet size (Bali et al. 2011).

4.8  Conclusion

Nanoemulsions are unique nanocarriers for the delivery lipophilic components as 
they provide a more stable, bioavailable, readily manufacturable, and acceptable 
formulation. They also impart good protection to the entrapped bioactive molecules 
against the effects of external conditions, as they encapsulate bioactive molecules in 
the core of nanosized micelles. In addition, nanoemulsions exhibit high surface 
area, stability and tunable rheology, which can improve drug bioavailability, making 
many treatments less toxic and invasive. Recently, a growing interest in the use of 
natural oils has been taking place, since they are proving to feature antimicrobial, 
antioxidants and anti-inflammatory properties, among others. In this chapter the 
main aspects on nanoemulsion formulation, obtention methods, characterization 
techniques and applications were presented.
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Both high-energy and low-energy emulsification methods provide nanoemul-
sions with small droplet size and stability. However, much research is still needed to 
the achieving scaling up of these processes and to understand the impact on size and 
stability aspects for nanoemulsions. The difficult to scale up nanoemulsions produc-
tion is responsible for so few nanoemulsion-based products are commercially avail-
able in contrast with so much research being published in this field.

Before nanoemulsions become widespread in pharmaceutical field, other chal-
lenges must be overcome. First, pharmaceutical-grade excipients should be ideally 
chosen, such as synthetic polymers and surfactants. Next, there are some safety 
concerns involving nanotechnological products as nanoemulsion and nano-based 
products toxicological profile is different from conventional emulsion. In this con-
text further research is needed to promote wide nanoemulsions production and 
utilization.
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