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Abstract. High energy methods include high pressure
homogenization, microfluidization, sonication, method in
jet disperser, high-amplitude ultrasonic method. The droplet
size of the dispersed phase in nanoemulsions produced in a
high pressure homogenizer declines with increasing of the
number of homogenization cycles its, lowering of surface
tension, the increasing the rate of surfactant adsorption and
decreasing the ratio of viscosity of the dispersed and
continuous phase to some extent. The droplet size of the
dispersed phase of nanoemulsions produced in
microfluidizer ~ decreases  with  the increase  of
homogenization pressure, the increase of the number of
passages of nanoemulsion through microchannels, the
increase of the concentration of surfactant and decrease of
the ratio of the dispersed and continuous phases's
viscosities. The droplet size of the dispersed phase in
nanoemulsions produced by sonication decreases with
increasing duration of ultrasonic homogenization, power
levels and concentration of surfactant. Only small amounts
of nanoemulsion formulations can be prepared by this
method.

The low-energy methods are: spontaneous emulsifica-
tion, phase inversion methods, and solvent displacement
method. Phase transition in the phase inversion methods,
occures when the temperature is changed while the
composition is constant or the temperature is kept constant
with changing composition. The mixture of oil, water and
nonionic surfactant at room temperature shows a positive
curvature. In the phase inversion temperature method rapid
temperature changes prevent coalescence and produce
stable nanoemulsions. A large ratio of solvent and oil is
required for the production of small diameter droplets of the
disperse phase by solvent displacement method.

High-energy methods, such as homogenization under
pressure, can be prepared with the nanoemulsion droplet
sizes up to 1 nm, and nanoemulsion with uniform droplet
size of the disperse phase. Low energy methods are more
acceptable for manufacturers because they do not require
expensive equipment.
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1 Introduction

Nanoemulsions are therapeutic systems whose character-
istics (biocompatible and biodegradable components and the
possibility of formulation in different pharmaceutical forms)
make them suitable for pharmaceutical preparations for the
oral, parenteral, transdermal, dermal, nasal, ocular, and
pulmonary delivery of active substances [1-4].
Nanoemulsions are nanodispersed systems because of the
relatively high physical stability and acceptable aesthetic
appearance that can be a safe choice for the development of
new formulations of pharmaceutical and cosmetic products
[L,5].

Kinetically stable nanoemulsions are formulated with the
appropriate choice of the oil phase, controlled size of
dispersed droplets, relatively low concentration of suitable
surfactants (usually nonionic surfactants), cosurfactants and
satisfactory conditions of manufacturing [1,6]. Droplet size
of the inner phase [1,7] of a nanoemulsion is less than 300
nm, but size range can vary, depending on the author. The
surfactants (for oil/water (O/W) type, in concentrations of
5-10%) reduce interfacial tension between the mutually
immiscible phases and Laplace's pressure [1,8]. By addition
of a suitable cosurfactant (propylene glycol, glycerol,
polyethylene  glycol, lecithin, ethanol, propanol,
polyglyceryl-3-oleate, propylene glycol monolaurate, and
others) the flexibility of the interfacial film is improved
which has a positive impact on physical stability of
nanoemulsions [1]. Cosurfactants are required, because
single-chain surfactants themselves can not sufficiently
reduce the oil/water interfacial tension to produce
nanoemulsions [1,5]. By reducing the concentrations of
surfactant and cosurfactant the interfacial tension between
water and oil increases which lead to increase in viscosity.
On the other hand, increased content of the aqueous phase
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cause decrease in the viscosity of the nanoemulsion [3]. The
use of polymeric surfactants in the O/W nanoemulsions
leads to the reduction in Ostwald's ripening, as a
consequence of strong adsorption of the O/W surface,
alteration of interfacial tension and growth of Gibbs's
dilatation elasticity [9]. Ostwald's ripening is reduced when
nanoemulsions are stored at the optimal temperature.
Addition of the second component (eg. squalane) to the
dispersed phase, which is insoluble in the continuous phase
[10,11], the long chain triglyceride oils [12], insoluble
components in the core of nanoemulsion's droplets [12,13],
or small amounts of other oils with low viscosity in the
water phase [14] reduce of Ostwald's ripening. If the
concentration of surfactant is increased above the critical
micelle concentration, small droplets with low interfacial
tension will be formed. These droplets have monodisperse
distribution, resulting in the reduction of Ostwald's ripening
[15]. Apart from surfactans and cosurfactans, quality
nanoemulsions require energy, thus for their production
high-energy and low-energy methods are used.

In this paper the high-energy and low-energy methods for
preparation of nanoemulsions, applicable both to the
industry and in laboratories of smaller capacity, are
described. The preparation method is very important for the
formation and stability of nanoemulsions. These systems
can be prepared by high or low emulsification energy
methods [16-19]. High-energy approaches utilize
mechanical devices (microfluidizers, high pressure
homogenizers or ultrasonic methods) that generate intense
forces capable of forming very fine oil droplets. Low-
energy methods involve complex interfacial hydrodynamic
phenomena and depend on the system composition
properties [20]. The low-energy method includes spontane-
ous emulsification, phase inversion methods, and solvent
displacement method [9,21].

2 Methods of preparation of nanoemulsions

2.1. High-energy methods for
nanoemulsions

preparation of

In high-energy methods, large disruptive forces are pro-
vided by the use of mechanical devices such as
ultrasonicators, microfuidisers and high pressure homoge-
nizers which produce droplets of small size. The droplet
size depends on the equipment, production conditions, such
as temperature and time, as well as the properties and com-
position of sample. High-energy methods require sophisti-
cated equipment and consume large amount of energy,
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therefore, they are very expensive. Their positive side is that
they allow good control of droplet size and large selection
of integral components. These methods are not applicable
for thermolabile active ingredients such as retinoids and
macromolecules including proteins, enzymes and nucleic
acids [22-24].

2.1.1. High pressure homogenisation

This method is widely used for the production of
nanoemulsions it utilizes several forces such as hydraulic
shear, intense turbulence and cavitation. In this method, two
liquids including surfactants and cosurfactants are passed
through a small orifice of piston homogeniser under high
pressure (500-5000 psi) to produce nanoemulsions [1,25].
At first, emulsion is formed with large volume fraction of
dispersed phase, which may be diluted later on. The prob-
lem of coalescence can be reduced by adding surfactants in
excess amount. High pressure homogenisation is a highly
efficient method, available at both laboratory and large
scale, but consumes a large amount of energy and the tem-
perature usually increases during processing which might
deteriorate the components [1].

This technique use high-pressure homogenizer/piston
homogenizer to produce nanoemulsions of extremely low
particle size (up to 1 nm). The droplet size depends on the
number of homogenization cycles. More homogenization
cycles lead to smaller droplet size. The droplet size of the
nanoemulsion produced by this method decreases with
decreasing the ratio of dispersed and continuous phase

viscosities to certain extent (0,05 < —2 < 5), where n,,is
nC
the viscosity of the dispersed phase, and 7, is the viscosity

of the continuous phase [5,25]. With this method only O/W
(oil in water) liquid nanoemulsion of less than 20% oil
phase can be prepared [26]. Some problems associated with
homogenizer are poor productivity, component deterioration
due to generation of substantial amount of heat.
Nevertheless, this is the most used frequently method for
preparation of nanoemulsions [27].

2.1.2. Microfluidization

This mixing technique utilise high pressure displacement
pump (3,45-137,89 MPa) to produce fine nanoemulsions.
Liquids (oil and water) from two opposite microchannels
collide with each other at a common impingement area,
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developing high pressure resulting in tremendous shear.
Crude emulsion passes repeatedly through the interaction
chamber microfluidizer until the desired size of droplets is
obtained [1]. To obtain a uniform size of the droplets of the
nanoemulsions inner phase, crude emulsion is filtered in
nitrogen atmosphere to remove larger droplets [26].

The droplet size of the dispersed phase of nanoemulsions
produced in microfluidizer decreases as the pressure of
homogenization increases, or by increasing the number of
passages through microchannel devices, increasing the
concentration of surfactant and decreasing the ratio of
dispersed and continuous phase viscosities [28].
Microfluidization is not suitable for the preparation of large
amounts of nanoemulsions and it is very expensive [21,29].

2.1.3. Sonication

Sonication or ultrasonic homogenization can be used to
produce kinetically stable nanoemulsions. Sonicator probe
(of ultrasonic homogenizer) is brought in contact with dis-
persion of liquids with surfactants and cosurfactants to gen-
erate mechanical vibration and cavitation, which provides
the energy input necessary for formation of small sized
droplets.

Sonication or ultrasound processing is widely used in
small scale production of nanoemulsions. However, care
must be taken to prevent shear induced coalescence [13,30].
The particle size of the dispersed phase in nanoemulsions
produced by sonication decreases with increasing duration
of ultrasonic homogenization, power levels and
concentration of surfactant [28]. In order to achieve a
droplet size of the dispersed phase of 20 nm, it is necessary
to optimize the design of ultrasonic reaction chambers,
operating conditions and the formulation of the product (eg.
the concentration of surfactant and the type and content of
the oil phase) [31]. The main disadvantage of sonication is
that it is not suitable for preparation of large volumes of
nanoemulsions [27].

2.1.4. Jet disperser

In the jet disperser two or more jets of crude emulsion,
each from opposing bores, collide with each other, but at a
different way than in microfluidizer. The diameter of the
bores in jet dispersers is typically 0,3 - 0,5 mm. Finally, an
“orifice plate” is the simplest construction form for a
homogenizing nozzle whose role is to coordinate energy
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dispersion of emulsion jet. Droplets are disrupted
predominantly due to laminar elongation flow ahead in front
of the bores. Unlike radial diffusers, the nozzle is
microfludizer; jet dispersers and orifice plate contain no
moving parts, so they can be used at high pressures up to
300-400 MPa [2,30].

2.1.5. High-amplitude ultrasonic method

This method is an alternative to high-pressure homogeni-
zation. Forces necessary for the production of
nanoemulsions are generated by ultrasonic cavitation. Ultra-
sonic cavitation produces violent and asymmetric imploding
vacuum bubbles. Micro-nozzles disperse and break up drop-
lets to nanometer size. This method is successfully used in
production of small quantities of pharmaceutical
nanoemulsions and liposomes. Conventional ultrasonic
technology processes to operate on the principle small
amount - high amplitude or high levels - low amplitude
without the possibility of combining processes like /arge
amount - high amplitude. Despite the potential of the meth-
od, ultrasonic method is limited to the laboratory use [27].

2.2. Low-energy methods for
nanoemulsions

preparation of

Low energy methods use internal physical properties of
the system such as temperature or composition to produce
nanoemulsions [1].

2.2.1. Phase inversion methods

Phase inversion or condensation method, is based on
transition of phases during the emulsification process. These
phase transitions are result of changes in the spontaneous
curvature of the surfactant and can be achieved a) at con-
stant composition, by changing the spontaneous curvature
of nonionic surfactants with temperature, (the well-known
phase inversion temperature (PIT) method widely used in
industry) or b) at constant temperature, by varying the com-
position of the system employing the emulsion inversion
point (EIP) method. Limitations of these methods are: com-
plexity, requisites for precision and use of synthetic surfac-
tants [32,33]. Phase transition is conducted either by in-
crease in temperature at constant composition or for keeping
the temperature constant by altering the composition [1].
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Fig. 1. Overview of high energy and low energy methods for preparing O/W nanoemulsions [20]

Phase inversion temperature method uses a mixture of
oil, water and nonionic surfactants at room temperature
exhibiting a positive curvature with increase in temperature,
the polyethoxylated surfactant becomes lipophilic (due to
dehydration) and gets solubilized in the oily phase. This
results in the phase inversion and O/W emulsion changes to
W/O emulsion, exhibiting a negative curvature. It must be
noted here that at intermediate temperature, so-called HLB
temperature (when the hydrophilic and lipophilic properties
of the surfactant are balanced), highly unstable emulsions
are formed as the curvature approaches zero. A quick
change in temperature (increase or decrease in HLB tem-
perature by 25-30 °C) prevents coalescence and produce
stable nanoemulsions [1,2]. The main limitation of the PIT
method in the preparation of nanoemulsions is that they
become more prone to coalescence as the temperature of the
dispersed phase droplets increases (in the food and beverage
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industry). Therefore, a new approach was developed in
making nanoemulsions by using nonionic surfactants with
relatively low phase inversion temperature (such as Brij®
30) with dilution using a solution containing another
surfactant (sodium dodecyl sulfate or Tween®™ 80) with a
high phase inversion temperature [34].

The disadvantages of PIT method are: it is limited to the
nonionic  surfactants, necessity of thermal energy
requirement of the presence of phases such as liquid crystal
(LC) or midrange microemulsion (ME) [21,29,35]. In the
PIT method the change from one type of an emulsion to
another involves a transitional phase inversion, whereas in
the EIP method the change from one type of an emulsion to
another involves a catastrophic phase inversion. A
catastrophic phase inversion occurs when the ratio of the
oil-to-water phase is altere with constant surfactant
properties [36].
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2.2.2. Spontaneous emulsification

Spontaneous emulsification is a low energy method for
the preparation of nanoemulsions. Nanoemulsions can be
produced by this method at room temperature without the
use of any special equipment. Water is added into solution
of oil and surfactant stepwise, at constant temperature while
gently stirr in order to produce O/W nanoemulsions. The
spontaneity of the emulsification process depends mainly
on: interfacial tension, interfacial and bulk viscosity, phase
transition region, surfactant structure and its concentration
[37]. The main disadvantage of this method is the limited
amount of the oil phase and the presence of the solvent
[21,29,35].

2.2.3. Solvent displacement method

Nanoemulsions can be produced employing this method
at room temperature by pouring the organic phase contain-
ing oil dissolved in a solvent, like ethanol or acetone, into
aqueous phase containing surfactants. Emulsification occurs
spontaneously during with due to diffusion of organic sol-
vent, which may be removed later by vacuum evaporation.
A high ratio of solvent to oil is needed to prepare small
sized droplets [1,38].

There are many factors that affect the selection of
emulsifying device, and some of them are volume of
emulsion, the viscosities of the emulsion and its phases,
surfactant type and concentration, temperature, size and size
distribution of the droplets of the disperse phase. To achieve
the desired nanoemulsions formulation parameters of
emulsification must be optimized. Those parameters
include: flow rate, pressure, density of interface,
temperature and time of emulsification, and speed of
rotation [8].

Schematic representation of various methods that can be
used to produce nanoemulsions are summarized in Figure 1.

3 Conclusions

Nanoemulsions are attractive systems for use in the cos-
metic, pharmaceutical, food and other industries, due to low
amount of surfactant, they require higher stability against
coalescence, lack of toxicity or irritant characteristics, low
viscosity, good appearance, and adaptability of formulations
as foams, creams, liquids and sprays. High pressure homog-
enization can be applied to production of nanoemulsions if
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the optimized composition of the system is ensured, as well
as the device capable of generating intense disruptive forc-
es. The advantages of this method are flexibility in the
choice of surfactant and the internal structure, as well as
possibility of preparing nanoemulsions in a short time.
Large energy costs during the development is a disad-
vantage of this method as it is not suitable for
thermosensitive substances and substances sensitive the
shear. As nanoemulsions have very small particle size
range, it is still the most frequently used method for prepa-
ration of nanoemulsions. Benefits of microfluidization are
controlled droplet size of dispersed phase, and possibility of
creation of multiple nanoemulsions. It is an expensive
method. It is not suitable for the production of large
amounts of nanoemulsions as well as the high-amplitude
ultrasonic method. Sonication can be used to produce small
amounts of kinetically stable nanoemulsions. Spontaneous
emulsification is a low energy method by which
nanoemulsions are made at room temperature without the
use of special equipment. Solvent displacement method
requires no heating, nor the presence of an organic solvent
and LC or ME as a phase. Disadvantages of low-energy
methods are: limited amount of oil phase and the presence
of the solvent (spontaneous emulsification); limitition to
nonionic surfactants, requirement the presence of LC or ME
phases and heat (PIT method); the need of a large ratio of
solvent and oil for the production of small sized droplets of
the disperse phase (solvent displacement method). Although
high energy emulsification methods are traditionally used
for the preparation of nanoemulsion formulation, low ener-
gy emulsification methods are attractive nowadays, due to
their wide application and advantages, such as the formula-
tion and stability aspects.
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