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Preface

“Fluidics” originally described pneumatic and hydraulic control systems, where
fluids were employed (instead of electric currents) for signal transfer and process-
ing. Fluidics then broadened and now comprises the technique of handling fluid
flows from the macroscale down to the nanoscale. Nanofluidics is a multidisci-
plinary field that involves engineering, physics, chemistry, biology/biotechnology,
and nanotechnology and was first introduced back in the 1990s. As new as this field
may sound, it has gained much attention since its debut as a rising area of interest
in nanotechnology. This textbook is written primarily for mature undergraduates
in engineering and physics. However, it should be of interest to first-year graduate
students and professionals in industry as well.

This book’s carefully arranged seven chapters cover fundamental nanofluidics,
especially in the area of nanoemulsions, including fundamental knowledge of
properties and fabrications to applications in the field. Furthermore, this seven-
chapter exposure should provide students with sufficient background for advanced
studies in these fascinating and very future-oriented engineering areas, as well

as for expanded job opportunities. Pedagogical elements include a 50/50 physics/
mathematics approach when introducing new material, illustrating concepts,
showing graphical/tabulated results as well as links to flow visualizations, and, very
importantly, providing professional problem solution steps.

The ultimate goal of this book is for readers to be able to solve traditional and
modern fluidics problems independently, provide physical insight, and suggest (say,
via a course project) system design improvements. This text relies on numerous
open-source material as well as contributions provided by research associates from
across the globe. The standard of the content is of a very high standard.

For critical comments, constructive suggestions, and tutorial material, please
contact the author via k. koh@hw.ac.uk.

Kai Seng Koh and Voon Loong Wong
Heriot-Watt University Malaysia,
Putrajaya, Malaysia
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Chapter1

Introductory Chapter: From
Microemulsions to Nanoemulsions

Koh Kai Seng and Wong Voon Loong

1. Introduction

In the past two decades, there has been much attention within food and bever-
ages, pharmaceutical, biomedical, special chemicals and other industries in using
colloidal as main media for process encapsulation, protection and delivery of vari-
ous active components for different purposes [1-3].

This dispersion normally exists as a suspension of small particles within a liquid
medium. Conventionally, particles at >1000 nm are studied due to its rising trend
of research interest as a result of introduction of microfluidics [4]. Microfluidics
is a concept that is defined as a branch of fluid mechanics that focuses on the
understanding, design, fabrication and operation systems that convey liquids and
gases inside an enclosed channel with two of the three geometry length scales are
in the order of microns (107°). The reduction in dimension had magnified the
effect of some uncommon macroscale liquid properties such as surface tension,
capillary effect and material hydrophilicity/hydrophobicity. The first ventures in
microfluidic started in the early 1950s when dispersion methods of nano- (107%)
and pico- (107") litre of fluids were developed, which served as the foundation of
modern day Inkjet technology [5, 6]. As microfluidics’ continuous development
advanced for the past 70 years, multiple cross disciplines with intersections of
engineering, physics, chemistry, biology, nanotechnology and biotechnology had
been developed and commercialised. In 2003, Forbes magazine named microfluid-
ics technology as one of the most important inventions that can affect the future
of humanity [7]. Meanwhile, microfluidics hold some of the key advantages that
include the low manufacturing costs, economic use and disposal, shorter time of
analysis, minimal consumption of reagents and samples, minimal production of
potentially harmful by-products, enhancement of separation efficiency, enhance-
ment of portability for point-of-care testing, high surface to volume ratio and small
laboratory footprint [8, 9].

On the other hand, there are some colloidal applications that desire very much
smaller particles (<100 nm) since they have advantages over microscale colloids,
such as better stability to particles aggregation and gravitational separation
[2], weak light scattering [10-12], and have novel physical properties (i.e., high
viscosity and gel-like behaviour) [2, 13]. In conjunction with the new rise of
nanotechnology research trend, a decent amount of research has been devoted to
fabrication, characterization and application of colloidal dispersion that contains
of nanometre-sized particles as delivery systems. As the research duration is
merely less than two decades, much knowledge gap in this research field remains
to be filled.

This chapter therefore emphasizes the most commonly used terms in this field
of study, namely microemulsions (>1000 nm) and nanoemulsions (<100 nm).
Using oil-in-water (O/W) system, which is widely used as delivery systems in a
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range of different industries as well as many literatures, this chapter will outline
the similarities and differences between microemulsions and nanoemulsions, to
articulate the scientific terminology used to describe each of the terms and also
to look into research progress of both microemulsions and nanoemulsions as a
whole.

2. Terminology

In this section, some fundamental concepts on similarity as well as difference for
both microemulsions and nanoemulsions will be provided, respectively, in terms
of its physical and chemical properties, stability and thermodynamic difference as
well as the current fabrication methods. These terminologies are meant to clarify
the common confusions found in most literatures.

2.1 Physical and chemical properties
2.1.1 Microemulsions

The definition of microemulsions is commonly described as a stable liquid droplet
in microscale (r < 100 pm) formed by mixing of two immiscible phases, i.e., oil and
water in the presence of surfactant. The emulsion’ structure, size, composition and
surface behaviour can be manipulated by different fabrication methods. They may
form one or multiple phases (with different shapes) that are in equilibrium with one
another [14]. As for analysis, common analytical equipment such as light-inverted
microscopy, scanning electron microscopy, X-ray powder diffraction, electrical
conductivity and rheology are usually chosen as tools for the study focus. Therefore, it
is advisably to classify microemulsion (O/W) as a thermodynamically stable colloidal
dispersion. The structure hinders the unfavourable contact area between non-polar
groups and water, which favour the thermodynamics of the colloidal dispersion sys-
tem. For instance, the surfactant molecules in an oil-in water (O/W) microemulsions
has the setup of non-polar tails that associate with each other forming a hydrophobic
core. The hydrophilic head groups extrude onto the surrounding aqueous phase of
the microemulsion. Meanwhile, the hydrophobic oil molecules may assimilate into
the interior of a micelle as a separate core or serves as a barrier between the surfactant
tails as shown in Figure 1. If oil molecules have the same polar groups, they may then
be integrated into the micelle in such a way that it creates a visible distance into the
water. This behaviour is particularly important in pharmaceutical industry as it serves
as a fundamental core structure for self-microemulsifying drug delivery system.

It extends the knowledge for drug delivery system design in terms of the optimum
composition of the initial system and the optimum method to dilute the surface of the
microemulsion.

2.1.1 Nanoemulsions

Nanoemulsions are considered to be a classic liquid emulsion formation from
two immiscible liquids that is thermodynamically unstable. Theoretically, this
small spherical droplet (r < 100 nm) could be formed using oil (as continu-
ous phase) and water (as dispersed phase) without addition of a surfactant.
However, this system will be highly unstable; thus, most nanoemulsions would
require the assistance of surfactant (often it is more than one type of surfactants
used) to facilitate its droplet formation. The fundamental component forma-
tion of a nanoemulsion is very similar to those found in a microemulsion as
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(b)

Figure 1.
Oil-in-water microemulsions: (a) oil molecules assimilate between the surfactant tails; and (b) oil molecules
incorporated as a hydrophobic core. Reprinted with permission from Ref. [3].

mentioned above. The only distinctive difference that separates a nanoemulsion
from a microemulsion is their thermodynamic stability, i.e., a microemulsion is
thermodynamically stable while a nanoemulsion is not. As nanoemulsion only
has a short development history of ~25 years [15], there are much area of inter-
est that are waiting to be explored with most of the current understanding for
Nanaoemulsions is adapted based on Microemulsions understanding. The sum-
mary of similarities and differences between microemulsions and nanoemulsions
can be seen in Table 1.

The chapter so far outlines the similarity and differences between nanoemul-
sions and microemulsions based on their general physical and chemical properties,
as well as other characteristics. In this section, an attempt to propose practical
methods to distinguish nanoemulsions from microemulsions will be made. The
key concept to make this comparison is based on thermodynamic point of view as
shown in Figure 2 below. As the terms used for microemulsions and nanoemulsions
remain confusing in most literatures, the following two factors can be used as a
guideline to distinguish nanoemulsions from microemulsions:

2.1.1.1 Long-term stovage

Nanoemulsions are not thermodynamically stable, whereas microemulsions
are. This simply means microemulsions will not undergo deformation at an infinite
period so long the storage condition remains constant. For nanoemulsions, degra-
dation of structure is noticeable due to Ostwald ripening, flocculation, coalescence
and gravitational separation. These result in particle size distribution change,
physical properties change as well as chemical properties change. Practically, it can
be difficult to just make a justification to distinguish nanoemulsions from micro-
emulsion merely based on long-term storage, since microemulsions commonly
suffer from chemical degradation and microbial contamination during the storage
period.

2.1.1.2 Particle size

As mentioned above, microemulsions have tendency to form single narrow
size distribution, ought to its maturity in terms of fabrication methods. Adding
to its thermodynamic stability, the size of a microemulsion will not undergo
changes once it is formed by a specific approach. This is different from nano-
emulsions where they tend to have multiple peaks in its size distribution. This
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Descriptions

Microemulsion

Nanoemulsion

Remarks

Size

1nm (1 x 10~ m) to 100 nm (1 x 107 m)

The difference between
microemulsions and
nanoemulsions cannot be
distinguished merely from size

Particle size
distribution

Tend to have
single narrow
peak for size
distribution

Have multiple peaks for
size distribution

Normally, the combination

of micro- and nanoemulsions
exists in multiple peaks colloid
distribution

Water-in-oil/
oil-in-water

Possible

Both microemulsion and
nanoemulsion can form water-in-

formation oil and oil-in-water emulsion type
Composition An oil phase, an aqueous phase, a surfactant A greater surfactant-to-oil
and possibly a co-surfactant [1] ratio is required to prepare

amicroemulsion than a
nanoemulsion due to size
difference

Optical Opaque or semi- Transparent when the

properties transparent [3] size is <30 nm [12]

Thermodynamic Kinetically stable Unstable system that Microemulsions will not undergo

stability for indefinitely will break down over breakdown provided the storing

time [3] condition remains unchanged

Nanoemulsions will breakdown
and revert back to separated
phase, subject to energy barrier
between nanoemulsions and
separated phase (Gibbs free
energy, AG)

Gravitational Not reported Colloidal dispersion Limited work has been to validate

stability to gravitational this area of research

separation (creaming/
sedimentation)
increases significantly
for particle size <90 nm
due to dominance of
Brownian motion [3]

Particle structure

Spherical or non-
spherical, subject
to fabrication

method used [14]

Spherical

The governing equation is used to
determine particle size, thus the
structure Laplace pressure,
(ap.=31).

The small radius of
nanoemulsions has relative
large Laplace pressure, thus
sphere sharp has lowest
interfacial area

Fabrication Principally, External energy Difficult to distinguish based on
methods it can form must be applied to fabrication methods
spontaneously overcome positive free
due to its Gibbs energy to form
thermodynamic emulsion. Common
stability. In fabrication approaches
practical, are high energy, low
external force energy, and phase
will be exerted inversion [3, 16]
to emulsion
formation
Table 1.

Summary of microemulsion and nanoemulsion common facts and common differences.
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Figure 2.

Schematic illustration between microemulsions and nanoemulsions, with its separated phase state, vespectively.
Microemulsions have a relative lower free Gibbs energy than the phase-separated state; thevefore, it is unlikely

to break down even after a long storage period provided the storage condition remains unchanged. Meanwhile,

nanoemulsions have a higher free Gibbs energy, leading to breakdown and revert back to its oviginal separvated
state despite the assistance of surfactants. Reprinted with permission from Ref. [3].

is not surprising due to its unstable thermodynamic as discussed previously.
Therefore, if an emulsion system has multiple peaks formation in its size distri-
bution, it can possibly be considered as a system that has both microemulsions
and nanoemulsions. However, the noticeable approach to be used in this scenario
is to undergo proper physical characterization such as Zetasizer or using scan-
ning electron microscope for proper size measurement, as well as storing it for

a period of time, i.e., 1 year to observe the change of emulsion structure. These
approaches might provide other significant evidence to validate the type of emul-
sion formation.

3. Conclusion

This chapter is a timely content of nanoemulsion development as this research
field has shown significant publication output for the past decade due to growing
interest as a result of nanotechnology development as seen in Figure 3 using Web of
Knowledge (Thomson Reuters) online search engine [15]. Presently, microemulsion-
related publication is dominating in terms of publications output per year. This is
in line with the history of microemulsion for the past seven decades which covers a
comprehensive research range from science (i.e., chemistry, biology, physics, etc.) to
engineering (chemical, biomedical, environmental, etc.). On the contrary, nano-
emulsions received much lesser focus until the mid-1990s. It has relative incomplete
fundamental knowledge understanding in terms of properties, characterizations
and fabrication methods, and it also has limited applications presently. Therefore,
this book is important in attempting to mend the knowledge gap and form the trend.
As nanotechnology matures gradually, the outlook of nanoemulsion looks bright
and it aims to stretch its capability to apply across different fields that will benefit
mankind.
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Figure 3.
Comparison between ‘microemulsion’ and ‘nanoemulsion’ in terms of publication per year using Web of
Knowledge online search engine in May 2019.
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Chapter2

In vitro Antimicrobial Activity
Evaluation of Metal Oxide
Nanoparticles

Alejandro L. Vega-Jiménez, América R. Vizquez-Olmos,
Enrique Acosta-Gio and Marco Antonio Alvarez-Pérez

Abstract

In recent years, infectious diseases, specifically those that are caused by patho-
gens, have seen a dramatic proliferation due to resistance to multiple antibiotics,
opening the colony by opportunistic pathogens. Nanotechnology and tissue
engineering have been applied in the development of new antimicrobial therapies,
capable of fighting opportunistic infections. In the medical field, research on
antimicrobial properties of metal oxide nanoparticles have emerged to find new
antimicrobial agents as an alternative against resistant bacteria. The metal oxides,
particularly those formed by transition metals are compounds with electronic prop-
erties, and most magnetic phenomena involve this type of oxides. Nanoparticles-
based metal oxide properties such as shape, size, roughness, zeta potential and their
large surface area, make oxides ideal candidates to interact with bacteria and able to
have an antimicrobial effectiveness. The aim of this chapter is to offer an updated
panorama about the relationships between the use of metal oxide nanoparticles in
the medical field, with an emphasis on their role as antimicrobial agents and the
properties that influence their antimicrobial response. In addition, the mechanism
of nano-antimicrobial action is described and the importance of using in vitro test
methods, adopted by leading international regulatory agencies, that can be used to
determine the antimicrobial activity of the metal oxide nanoparticles.

Keywords: nanoparticles, metal oxide, antimicrobial, iz vitro, methods,
mechanism of action, nano-antimicrobial

1. Introduction

Infectious diseases are one of the main causes of morbidity and mortality in the
world, so there is the need for research on antimicrobial agents. According to the World
Health Organization (WHO), resistance to antimicrobials endangers the effectiveness
of treatments for an increasing series of infections by bacteria and fungi [1]. In addi-
tion, it poses a growing threat to global public health and requires action by all sectors
of government, industry, healthcare professions and society. The success of surgery and
medical therapy will increasingly be compromised in the absence of effective antibiot-
ics. On the other hand, the dissemination of multidrug-resistant infections will increase
the need for laboratory tests and the use of more expensive drugs, thus increasing the
cost of healthcare.
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In the science of materials, there is an interest in the development of new anti-
microbial therapies, capable of fighting opportunistic infections. For this reason,
itis important as a first step, to take into account the different laboratory methods
that can be used to evaluate antimicrobial activity iz vitro. The aim of this methods
is to detect possible drug resistance in common pathogens [2], but also which are
the most appropriate assays to be used in new agents and materials what that have a
potential therapy application.

Nanotechnology and tissue engineering are potential applications for the
reported antimicrobial properties of nanoparticles (NPs). Some of the potential
advantages of NPs, to fight against microorganisms, are that they do not generate
resistance and are a safe potential antimicrobial alternative for clinical use [3-5].

However, the research in this area is needed to understand the mechanism of
action of NPs and how to design better therapies. In recent years, nanoparticles
have been incorporated into the medical field as an alternative to new antimicrobial
agents, especially oxides based in silver (Ag), copper (Cu), and titanium (Ti) [6].
On the other hand, findings have raised concerns about their possible toxic effects
in humans, triggering an interest to investigate more about the nanotoxicology and
the search for new antibacterial nanomaterials with nontoxic properties for human
being [7-9].

The antibacterial activity of the NPs depends of the size and shape; so it requires
active research of nanometer-scale materials. Recently, basic and applied research
has been done on various metal oxides with different shapes and sizes has carried
out for their application in a broad scale of areas such as catalysis, in semiconduc-
tors, sensors, controlled release of drugs and as antimicrobial agents.

The physical and chemical properties of metal oxide NPs allow their interaction
with biological systems, which has become of vital importance due to the increasing
resistance of bacteria. Within these properties, there are shape, size, roughness,
zeta potential and coatings, among others [5, 10]. The antimicrobial activity pre-
sented by the NPs of metal oxides could have a mainly therapeutic application, but
it can also be extended to the food industry, to water purification and to the textile
industry.

The present chapter will be focused on recent reports that explore the relation-
ships between the use of NPs in the medical field, with an emphasis on their role as
antimicrobial agents and the physicochemical properties of metal oxide NPs that
influence their antimicrobial response.

Additionally, findings will address antimicrobial activity of novel metal oxides
NPs based in zinc, manganese, iron and magnesium. Also, we will discuss diverse
methods for the assessment of antimicrobial activity that can have uses for metal
oxide NPs and which complies with quality according to official standards to evalu-
ate antimicrobial agents and materials.

2. Antimicrobial applications of nanoparticles

The rapid emergence of resistant pathogens is occurring worldwide, endanger-
ing the efficacy of antibiotics, which have pushed medicine to evolve and save
millions of lives. Resistance of the pathogens has been attributed to the overuse and
misuse of antibiotic medications, as well as the lack of new strategies for antibacte-
rial development to address the challenge [11, 12]. This challenge suggests that the
focus of research on resistance pathogens must be turned to the discovery of novel
strategies to fight the pathogen infections. One of the new areas that is emerging in
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response for this challenging menace is the use of nanotechnology, mainly by the
identification of how the manipulation of materials for the synthesis of NPs could
be utilized for the therapeutic management of pathogen infections [13].

Research on the synthesis, characterization and application of NPs as an antimi-
crobial system is a new area of interest in the biomedical and healthcare fields due
to the possible enhancement of nanoparticles within their physiochemical behavior
against drug-resistant pathogens due to size effect, doping effect, could be cost-
effective and they are quite stable enough for long-term storage with a prolonged
shelf-life. Moreover, the NPs could be subjected to sterilization by methods of high
temperature, gamma irradiation or plasma treatment without losing its properties
or inactivation [14].

In reference to the biomedical field, the benefits of nanotechnology have been
quite substantial, for example, there are devices with antimicrobial nanoproperties
such as heart valves, catheters, and dental implants [10]. The type of nanolayers
covering these kind of devices can delay or inhibits the adhesion and growth of
bacteria such as Streptococcus mutans, Staphylococcus epidermis, and Escherichia
coli. Other implantable material is bone cement based polymethyl methacrylate
(PMMA) with Ag nanoparticles that have demonstrated significant reduction in the
number of arthroplasty surgery-related infections, including methicillin-resistant
Staphylococcus aureus (MRSA), S. aureus, S. epidermidis, and Acinetobacter bauwmannii
infections [10, 15].

The application of nanoparticles used to fight against pathogens consist mainly
of metals and metal oxides of zinc, silver, copper or titanium, because they
naturally exhibit microbiocidal or microbiostatic actions and have demonstrated
bactericidal activity against both Gram-positive and Gram-negative bacteria. The
bactericidal application of metal NPs is based on the mechanism that affect the
respiration system by photocatalytic production of reactive oxygen species (ROS)
that damage cellular and viral components that ultimately leads to bacterial death,
compromising the bacterial cell wall/membrane, inhibition of enzyme activity and
DNA synthesis, interruption of energy transduction and the most important the
pathogens do not develop resistance to metal NPs [16, 17].

Besides as metal nanoparticles could target the bacterial cell wall; there is an oppor-
tunity to dope the nanoparticles with relevant antibiotics to enhance their antibacterial
action through synergy offering multiple advantages as controllable with sustained
and relatively uniform distribution release in the target tissue, improving the solubil-
ity, minimized side effects and enhanced cellular internalization [14, 18, 19].

3. Metal oxide nanoparticles as antimicrobial agents

The resistance of microorganisms to the action of antimicrobial agents, espe-
cially antibiotics, is a serious public health problem, which has been a reason for the
search and development of new antimicrobials through nanotechnology.

The manipulation on a nanoscale of metal oxide has provided new research
in the pharmaceutical area due to the antimicrobial properties of these oxides,
according to data revealed in in vitro studies [20, 21]. In this sense, the metal
oxide NPs between 1 and 100 nm with different shapes allow their physical and
chemical properties could become in some promise antimicrobial agents against
infectious diseases for the recent findings about their interaction which has
become of vital importance due to the increasing of infection diseases by bacterial
resistance [22, 23].
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3.1 Mechanisms of antimicrobial activity

There are findings about the potential mechanisms of action, where it attempts
to explain the bactericidal effect of metal oxide NPs [10, 24-27]. Some of these
include the action of reactive oxygen species (ROS), the electrostatic interaction,
accumulation, ions delivered and contact by itself of NPs, that induce a several
effects from outside and into the bacteria, and that it will be described below
(Figure1).

3.1.1 Formation of reactive oxygen species (ROS)

They are a group of reactive molecules produced in some metabolic processes
in which oxygen participates: the superoxide anion O*~ which is a powerful oxi-
dizing agent very reactive with water. Hydrogen peroxide H,O, and the hydroxyl
radical (*OH) which is the most reactive, since accepting one more electron, gives
rise to a water molecule. Metal oxides NPs are capable of producing different reac-
tive oxygen species may participate in different types of reactions in which they
can undergo oxidation or reduction processes. ROS produce disruption of DNA,
damage by oxidation of polyunsaturated fatty acids and amino acids. The altera-
tion of the balance in the mechanisms of production and elimination of ROS, in
favor of production, originates the state of oxidative stress in the bacteria cell. In
the case of O, and H,0, cause less acute stress reactions and can be neutralized by
endogenous antioxidants, such as superoxide and catalase enzymes, while OH™
and O, can lead to acute microbial death.
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Figure 1.
Mechanisms of action of the bactericidal effect from metal oxide nanoparticles.
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3.1.2 Damage to the wall-cell membrane due to electrostatic intevaction and
accumulation

The electronegative groups of the polysaccharides in the bacterial membrane
have an attraction sites by metal cations. The difference in charge between bacte-
rial membranes and the NPs of metal oxides leads to electrostatic attraction and
thus accumulates on the bacteria surface, altering the structure and permeability
of the cell membrane. Gram-negative bacteria have a higher negative charge than
Gram-positive bacteria and therefore the electrostatic interaction will be stronger
in Gram-negative strains. The pores of the membranes are in the order of nano-
meters, therefore the smaller the particle size and the greater the surface area, the
greater the efficiency of the metal oxide nanoparticles. In the same way, the cations
extracted from the NPs of the metal oxides and their accumulation in the cell wall,
create pits in it, leading to a change in permeability due to the sustained release
of lipopolysaccharides, membrane proteins and intracellular factors. In addition,
this mechanism has been linked to the interruption of the replication of adenosine
triphosphate (ATP) and the deoxyribonucleic acid (DNA) of the bacterium, leading
to its death. One study indicates that the action of NPs depends on the components
and structure of the bacterial cell. The unique components of Gram-negative
bacteria, such as LPS, can prevent the adhesion of metal oxides NPs to the bar-
rier of bacterial cells and regulate the flow of ions in and out of the bacterial cell
membrane.

3.1.3 Loss of homeostasis by metal ions

The balance of metallic elements is essential for microbial survival, since it
regulates metabolic functions by helping coenzymes, cofactors and catalysts.
When the bacteria have an excess of metals or metal ions, there will be a disorder
in the metabolic functions. Metal ions bind with DNA and alter the helical nature
by cross-linking between and within the DNA strands. The metal ions neutralize
the charges in LPS and increase the permeabilization of the outer membrane. The
ions of metal oxides might also cause the decomposition of bacterial cells due to
the diffusion of metal ions by generating large amounts of hydroxyl radicals and
diffusion in bacterial cells. Other studies indicate that NPs of metal oxides slowly
release metal ions through adsorption, dissolution and hydrolysis; they are toxic
and abrasive to bacteria and, therefore, lyse the cells.

3.1.4 Dysfunction of proteins and engymes

Protein dysfunction is another mode of antibacterial activity exhibited by NPs
of metal oxides. The metal ions catalyze the oxidation of the side chains of amino
acids resulting in carbonyls bound to proteins. The carboxylation levels within the
protein molecule serve as a marker for the oxidative damage of the protein. This
carboxylation of proteins will lead to the loss of catalytic activity in the case of
enzymes, which finally triggers the degradation of proteins.

3.1.5 Inhibition of the transduction signal

Electrical properties of metal oxide NPs interact with nucleic acids inducing
suppress of cell division by altering processes of replication of the chromosomal
DNA and the plasmid in microorganism. It is known that signal transduction in
bacteria is affected by NPs of metal oxide. Phosphotyrosine is an essential com-
ponent of mechanism of signal transduction in bacteria. NPs dephosphorylate
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the phosphotyrosine residues, which inhibits signal transduction and, ultimately,
obstructs growth of bacteria.

3.2 Nanoparticle characteristics and their influence of antimicrobial activity

Other factors of the antimicrobial activity, has been sought to analyze what
characteristics influence the microbial response to the action of the metal oxide
nanoparticles. It is known of existing reports concerning the chemical-physics
properties from the metal oxide nanoparticles, but taking into consideration factors
like the shape, size, roughness, zeta potential and coatings, etc., that influence
the resultant antimicrobial effectiveness [5, 10]. These results could have a mainly
therapeutic application in medicine, but it can also be extended to the food indus-
try, to water purification and to the textile industry [28].

3.2.1 Size and shape

Several reports mention that the size and shape are the most important factors
to the antimicrobial activity [23, 29-31]. With respect to size there are findings
where this is a crucial factor to damage the bacterial systems for many reasons. The
sizes as <30 nm are factors that allows the accumulation and penetration into the
bacteria causing damage and consequently leading to bacteria death (<10 nm) [23].
The same authors point out that metal oxide nanoparticles with a size greater than
10 nm promotes the permeability when coming into contact with bacteria [23].

In relation with this, the specific surface area by the nanoparticle size affects the
surface to mass ratio affecting on surface reactivity. For this reason, they can also
have influence in many direct mechanisms of toxicity against the bacteria and the
subsequent loss of viability (Figure1).

With respect to shape, it is by knowing that depending on the synthesis method,
it will obtain the form of the nanoparticle [32]. Numerous studies shown vari-
ous forms obtained like spherical, rod-shaped, truncated triangular, nanotubes,
nanorods, nanowires, nanosphere, nanoneedles, nanorings and nanocubic [23, 33, 34].
Evidence reports that needle-shaped metal oxides nanoparticles present higher
antibacterial activity than cubic shaped, based on the optical and fluorescence
intensity [30].

3.2.2 Surface and zeta potential

The relation between the surface nanoparticle/nanomaterial and bacterial
adhesion has not been fully studied and there are few reports about it. Some studies
report that the adsorption of bacterial proteins is promoting by the surface area-
to-mass ratio carry out the reduction in bacterial adhesion [35-37]. Surface nano-
materials have high degree of roughness, therefore bacteria cell membranes cannot
adhere to the surface nanomaterial; so the bacteria adhesion is reduced [10, 38, 39].

The surface charge or zeta potential could be another property of the
nanoparticle related with bacteria adhesion since it is important to mention that
if the surfaces with negative charge are capable to decrease the interaction with
bacteria charged negatively, the surface of nanomaterial with negative charge
could obtain the same effect, compromising bacterial adhesion [10, 23, 40].

On the other hand, the electrostatic attraction occurs when the nanoparticles
are positively charged promoting the accumulation in bacterial cell membrane,
which is negatively charged and then they penetrate inside the bacteria trigger-
ing other mechanisms [23] (Figure1).
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3.2.3 Chemical doping

Nanoparticle chemical doping is a modification and functionalization around
the surface of nanoparticles to regulate and control the interaction with bacteria
and enhance their antimicrobial effect. Reports have shown this method as a factor
to improve the presence of surface oxygen atoms that promote the production
of reactive oxygen species (ROS) [23]. Similarly, the chemical functionalization
increase of the surface-area-to-volume ratio results in increasing the antimicrobial
potential activity [38]. Also, this procedure has prevented the agglomeration and
the solubility in different solutions [10].

3.3 Metal oxide nanoparticles

The transition metal oxides (TMO) are compounds with unique electronic
properties, most magnetic phenomena involve this type of oxides. The nanostruc-
tures formed by TMO, due to their dimensions of a few nanometers and their large
surface area, are ideal candidates to interact with bacteria. It is known that NPs
of the silver are excellent antimicrobial agents and they are the more studied and
reported. However, iz vitro and in vivo studies indicate that nanoparticles based
Ag, Cu and Ti are toxic to mammalian cells derived from the skin, liver, lung, brain,
vascular system, and also gives rise to a distribution in other organs, where are in
accumulations [8, 9].

Therefore, is important that the different metal oxides nanoparticles will be
studied and guarantee it clinical use. In particular, there are reports concerning to
zinc oxide (ZnO), trimanganese tetroxide (Mn;0,4), magnetite (Fe;0,) and magne-
sium oxide (MgO) nanoparticles that have antimicrobial properties.

3.3.1Zn0 nanoparticles

Zinc oxide is a compound with excellent antimicrobial properties. It is an n-type
semiconductor with a band gap of 3.3 eV. ZnO NPs can adopt a wide variety of
morphologies such as; rings, propellers, belts, wires, among others [41, 42]. The
antimicrobial activity of ZnO NPs happens by different mechanisms, one of these is
the ROS generation [43] inside the cell. It has been proposed that ZnO NPs can act
to generate cell death, or the release of Zn”* ions, whose excess generates an altera-
tion of cellular metabolism. Some species reported as susceptible to ZnO nanopar-
ticles are; S aureus, S. epidermidis, Streptococcus pyogenes, Enterococcus faecalis [44],
Bacillus subtilis, Escherichia coli and Klebsiella pneumonia [41]. These bacteria can
generate intra-hospital infections causing serious infectious diseases and some
strains are found in water or food, so ZnO NPs can have a possible application in
these areas.

3.3.2 Mn304 nanoparticles

The trimanganese tetroxide, Mn;Oy, is a mixed oxide of manganese (Mn (II)
Mn (III),04) is a normal spinel and crystallizes in cubic form. It occurs in nature
as the hausmannite mineral. The antimicrobials properties of Mn;O, NPs have
been little studied. Has been reported an effect of these diseases against strains
of Vibrio cholerae, Shigella sp., Salmonella sp., and E. coli [45]. The effect of the
NPs of Mn;0, against has been evaluated against E. coli and S. aureus through
microdilution assays [46]. The results of the minimum inhibitory concentra-
tion (MICs) indicated that the bacteria E. coli was more sensitive to the action
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of the NPs of Mn;0,. It was observed that the inhibitory effect proportionally
increases to the concentration of Mn3;0,4 NPs, which could divide the different
characteristics of the surfaces of the bacterial cells and their interaction with the
NPs, therefore the mechanism of action could be focused on the bacterial wall
membrane.

3.3.3 Fe,O3 nanoparticles

Iron oxide (III) is a very stable oxide, it crystallizes in hexagonal form and is
found in nature as the mineral hematite a-Fe,0s;. The nanostructures of this oxide
take different forms as they are nanowires, nanotubes, nanospheres, etc. [47].
Although its synthesis has been widely studied, its possible antibacterial effect not.
The Fe,0; NPs bactericidal effect against E. coli and S. aureus has been reported,
where an increase of this effect is observed, as the concentration of iron oxide
NPs increases [48]. A bactericidal effect has also been seen on P. aeruginosa with a
minimum inhibitory concentration of 0.06 mg/L [49]. Another study reports on
the bactericidal activity of nanostructured hematite against a variety of Gram-
positive and Gram-negative bacteria; P. aeruginosa, S. aureus, K. pneumoniae,
Lysinibacillus sphaericus and Bacillus safensis [50]; proposing some mechanisms
of action depending on the activity observed in each stage of the growth of the
bacteria in question. A bactericidal effect of NPs of Fe,0; against S. epidermidis has
even been determined [51].

From its properties, its possible application in the remediation of the environ-
ment and water, as well as in the biomedical area, has been proposed, due to the
different studies of cytotoxicity that have been carried out [47].

3.3.4 MgO nanoparticles

Magnesium oxide is in nature as the mineral periclase [52]. The antibacterial
activity of MgO against Gram-positive and Gram-negative bacteria has been
reported. It has been proposed that MgO NPs can damage the cell membrane
causing the loss of intracellular contents and causing the death of bacterial cells
[53]. The generation of reactive oxygen species has been attributed to the surface
alkalinity of the MgO NPs [54]. The antibacterial activity of NPs of MgO against
Gram-negative bacteria has been evaluated; E. coli and P. aeruginosa (500 and
1000 pg/mL) and in a Gram-positive bacterium; S. aureus (1000 pg/mL) [55]. The
MgO NPs potentiated lipid peroxidation induced by ultrasound in the liposomal
membrane. In this case the mechanism of action could be associated to the pres-
ence of defects, or to the lack of oxygen on the surface of the NP, leading to lipid
peroxidation and the generation of reactive oxygen species [55]. The antibacterial
effect and mechanism of action of NPs of MgO against strains of Campylobacter
jejuni, E. coli and Salmonella enteritidis has been studied [56]. In this case, it was
observed that the permeability of the bacteria’s membrane, after exposure to the
MgO NPs, was compromised, finding the presence of hydrogen peroxide that
would subsequently cause cell death. Studies of P. aeruginosa and S. aureus versus
MgO NPs showed a greater zone of inhibition in S. aureus than in P. aeruginosa

[56]. Based on previous work, the authors note that the bactericidal action of MgO
NPs may be due to the binding of surface oxygen to bacteria. As the surface area of
the particles increases, the concentration of oxygen ions on the surface increases,
which results in a more effective destruction of the cytoplasmic membrane and the
cell wall of the bacteria.
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4. In vitro methods for antimicrobial evaluation of nanoparticles based
metal oxide

Bacteria exposed to antimicrobials are under selective pressure to evolve
and adapt, this natural process leads to antimicrobial resistance. Human kind
is facing the growing threat of rapid evolution and dissemination of bacteria
resistant to multiple antibiotics. There is, therefore, an urgent need to develop
new antimicrobials [57, 58].

Antimicrobial agents include disinfectants, antiseptics, and antibiotics. New
agents must be exhaustively tested for efficacy and safety. Evidence-based selection
of the microorganisms and the evaluation system is of paramount importance for
adequate interpretation of the test results, and for extrapolating from in vitro to
real-life scenarios.

The use of nanoparticles especially based in metal oxides emerge as new antimi-
crobial agents, therefore it is necessary to test the efficacy of nano-antimicrobials
against representative bacterial species. One known limitation of the testing
systems currently in use, is that formulations are often challenged in vitro with one
microbial species at the time, and rarely against multi-species biofilms.

4.1 Regulatory testing

Regulatory agencies require adherence to well established evaluation systems.
Regulatory tests applicable to disinfectants, antiseptics or therapeutic antimi-
crobials vary greatly; and could include to nanoparticles with potential use as
antimicrobials.

4.1.1 Disinfectants

When evaluating chemical disinfectants, bacterial endospores are considered
the microbial life-form hardest to kill, followed in descendent order by mycobacte-
ria, bacteria in vegetative form, and viruses.

In the United States, the Food and Drug Administration (FDA) regulates
chemical sterilants and high level disinfectants (HLD) that are used to reprocess
medical instruments [59]. The AOAC International sporicidal and tuberculocidal
tests are the accepted methods for evaluation. For a liquid chemical sterilant, the
FDA standard tolerates no failures in the AOAC sporicidal test 966.04, and accepts
no survivors in simulated-use testing with a challenge inoculum of six logs of
spores. The FDA defines HLD as sterilants used under the same contact conditions
but for only the contact time needed to reduce Mycobacterium bovis in 6 logy, in the
tuberculocidal test 965.12 [60]. Moreover, to be approved, the disinfectants should
be subjected to worse case scenarios, such as the presence of organic or inorganic
contamination, and under simulated use conditions.

In Europe, the CEN/TC 216 technical committee produces current and future
disinfectant testing standards [61]. Standard EN-14885-2006 indicates test methods
to be used to substantiate claims for products intended for instrument disinfection
[62], including mycobacterial/tuberculocidal (EN-14348, EN 14563), bactericidal
(EN-13727, EN-14561) and fungicidal (EN-13624, EN-14562) activity tests but the
terms “sterility, sterile, sterilization, sterilant” fall outside the scope of CEN/TC 216.

In the US, high, intermediate and low level disinfectants, are regulated
by the Environment Protection Agency (except HLD intended to reprocess
medical instruments, which fall under FDA’s jurisdiction). Intermediate level
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disinfectants must be tuberculocidal. Products effective only against vegetative
bacteria and viruses are regarded as low level disinfectants [63].

Special testing procedures may be applicable to some pathogens of epidemio-
logical interest, such as Clostridium difficile [64]. Disinfectants are intended for use
on inanimate surfaces. In general, their high concentration precludes their use on
living tissues.

4.1.2 Antiseptics

Antiseptics are antimicrobials intended for use on skin and mucous membranes.
The same as with low level disinfectants, antiseptics are tested against Escherichia
coli, Staphylococcus aureus and Pseudomonas aeruginosa in vegetative form. In the US,
antiseptics are regulated by the FDA.

4.2 Antimicrobial activity tests

A relevant test microorganism is chosen: preferably a strain from the American
Type Culture Collection (ATCC) or a similar repository. Although, wild-type
bacteria from clinical samples also have been used. All necessary controls must be
included to assess test reliability and reproducibility. Also, it is important to differ-
entiate between kill and inhibition of growth.

The antimicrobial capability of nanoparticles has been explored by this tech-
niques due studies have suggested that NPs are excellent microbicidal activity [16, 65].
The in vitro tests described below are the ones that the most have been used and the
regulatory agencies recommend to determine antimicrobial activity of chemical
formulations and can be used in the studies of nano-antimicrobials. The use of such
tests depends on the objectives and the type of information it want to obtain.

A first approach if nanoparticle has antimicrobial activity is to conduct an
antimicrobial activity test, such as a disc diffusion test.

4.2.1 Disk-diffusion method

Mueller-Hinton agar (pH 7.2-7.4) is the culture medium of choice. To standard-
ize disc diffusion, the agar is poured into either Petri dish to only 4 mm in depth, as
indicated in the Clinical and Laboratory Standards Institute method [66].

The bacteria are suspended to a 0.5 McFarland turbidity standard equivalent to
150 x 106 cfu/mL. From this suspension, 100 pL are uniformly spread onto the agar.
Filter-paper discs 6 mm diameter, containing the test nano-antimicrobial, will be
placed over the seeded agar (alternatively, a 50-100 pL well, punched into the agar,
will contain the test antimicrobial). After overnight incubation at 37°C, the plates
will be examined to assess inhibition rings around the disc.

The size of the nanoparticle, its rate of diffusion, the agar’s porosity, and pos-
sible charge interactions between the antimicrobial and the agar may affect diffu-
sion and the final size of the inhibition zone. In theory, the highest concentrations
will be near the antimicrobial-containing disc and will be diluted away from the
center (Figure 2).

4.2.2 Agar dilution method
This method is the gold standard for assessing the minimal inhibitory concen-
tration (MIC) [67]. In this method, the melted agar is mixed to contain serial dilu-

tions of the nano-antimicrobial. The resulting antimicrobial containing medium
is plated into Petri dishes. An aliquot containing 10* cfu of the test microorganism
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is placed onto the agar’s surface, and incubated overnight. Then, the plates will be
examined for growth to determine the last effective concentration to inhibit growth

(Figure 3).

4.2.3 Broth dilution method

This method is often used because is more versatile and less laborious than the
agar dilution method. Its microtiter plate version (broth microdilution), allows for
testing more microorganisms against diverse concentrations of nano-antimicrobials,
and can be automated.

Test tubes or wells in a microtiter plate, are prepared with bacteriological
broth containing serial dilutions of the test nano-antimicrobial, and seeded with
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Disk-diffusion method with NPs.
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Agar dilution method with NPs.
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Figure 4.
Broth dilution method with NPs.

bacteria. After, overnight incubation, the tubes or wells are inspected for growth.
The lowest concentration of nanoparticles that results in no-growth is the MIC
[68] (Figure 4).

4.2.4 Time-kill method

After adding the test formulation to a broth culture, antimicrobial activ-
ity can be assessed in vitro by collecting sequential samples to count survivors.
Time-kill allows the assessment of in-vitro synergy or antagonism between
nano-antimicrobials.

For the time-kill experiments, Mueller Hinton broth is prepared with serial
dilutions of the test antimicrobial, alone or in combination. The nano-antimicrobial
concentrations may span a range above and below the formulation’s MIC, previously
obtained from agar dilution tests. Broths are then inoculated with 106 cfu/mL and
incubated overnight at 37°C. From time 0 when bacteria are first exposed to the test
antimicrobial, samples are obtained at 30 min intervals for up to 6 h. The samples
are then plated on nutrient agar. After incubation overnight at 37°C, survivor counts
are plotted to obtain a ‘time-kill curve’ [69].

5. Conclusions

Taking into account the future development and applications of the metal oxides
nanoparticles in medicine, a constant search as emergent antimicrobial agents is
required, due to the increase of diseases caused by microorganisms resistant to the
action of antimicrobial agents as antibiotics.

Implementation of the metal oxides nanoparticles as an alternative to combat
bacterial resistance due to increased findings in the mechanisms by which they
act, have been the key to a better understanding and approach about the effect and
kinetics that metal oxides nanoparticles have on microbial strains.

For this reason it is necessary to establish guidelines and quality standards
to research nano-antimicrobials given the fact that there are many alternative
methods in vitro testing to achieve this objective, but some of them present
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limitations, while searching for new methods could be able to present specific
results that allow us to compare them with iz vivo testing.
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Abstract

Malnutrition and poor diet constitute the number one driver of the global
burden of disease. Undernutrition is responsible for up to 50% of all deaths in
children under the age of 5. In South Africa, 25% of the country’s children suffer
from undernutrition. This increases the risk of child mortality as well as contracting
infectious diseases. It also affects the physical and intellectual development of the
children. The greatest drawback in malnutrition is the deficiency of essential nutra-
ceuticals involved in important biological functions. Innovative technologies such
as nanoformulated products are needed for food and agriculture in order to enhance
the children’s health. The evaluation and application of various nanoformulated
delivery systems will be explored for improving the stability and bioavailability of
essential nutraceuticals for consumers.

Keywords: nanoformulated, nutraceuticals, delivery systems, undernutrition, food,
agriculture

1. Introduction

Over the past years, nutraceuticals have been explored as novel medicinal
dietary products in the food and pharmaceutical industries. Dr. Stephen De Felice
invented “nutraceutical” as a term in an attempt to promote medical health research
[1-2]. He defined it as a food or part of a food that provides medical or health
benefits, including the prevention and treatment of disease. Nutraceuticals are
mostly classified into three broad groups such as dietary supplements (glucosamine,
probiotics, etc.), herbals (herbs or botanical products), and nutrients (vitamins,
minerals, etc.). In addition, they are consumed daily by human beings as an alterna-
tive to modern medicine, thus promoting quality life and increasing life expectancy.
They have proved to offer benefits such as acting as a natural antioxidant and
immune booster, fewer side effects than drugs, improved bioavailability, and long
half-life [3]. The focus of the chapter will be limited to various sources of vitamins
especially nanoformulated liposoluble vitamins.

Great progress toward enhancing the stability and bioavailability of vitamins,
thus promoting health benefits among consumers, has been achieved by various
researchers [4-6]. Figure 1 shows a classification of vitamins according to their
solubility. In the last decade, an extensive amount of research has focused on the
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Figure 1.
Classification of vitamins with some examples of high rich foods.

hydrophilic vitamins as compared to liposoluble ones [7, 8]. Different approaches
have been explored to improve the stability and functionality of hydrophilic vita-
mins during product development and storage of food because of the exposure to
high temperature, oxygen, and light. Novel methods were used by Alishahi et al. [9]
to increase the shelf life and delivery of vitamin C using chitosan nanoparticles. In
addition, three different vitamins (B9, B12, and C) were successfully encapsulated
in water-soluble derivatives of chitosan biopolymer [10]. Their study showed that
N,N,N-trimethyl chitosan nanoparticles can successfully be used as a stable vitamin
carrier system with potential applications in foodstuffs.

Table 1 highlights some of their health benefits and disease prevention [11-13].
Many of these vitamins have been found to have major limitations such as low
chemical stability, sensitive to oxidation, high melting points, and poor solubility,
thus leading to low bioavailability [14]. The inability of the human body to produce
vitamins forces humans to have a balanced diet in order to intake the recommended
supply of essential nutrients. The inadequate intake of various vitamins through
diet may compromise biological functions such as vision, growth and development,
immunological activity, reproduction, and cellular growth [11]. The application of
adequate treatment can reduce the risk of development of complications related to
deficiency of vitamins. Food fortification and supplements have been used as strate-
gies to prevent vitamin deficiency. In order for nutritional supplement premixes and
fortified food to work, the vitamins and micronutrients contained in these products
need to remain active until consumption, which may not always be the case. Premixes
and fortified foods may lose a large percentage of vitamins and micronutrient activity
before consumption via processing, packaging, transportation, and storage. Therefore
there is an urgent need to develop and explore cost-effective innovative approaches
that will improve the stability of nutraceuticals especially liposoluble vitamins.

The delivery of vitamins using nanotechnology has attracted a number of atten-
tion recently [14] and is proposed as one of the possible innovative approaches.
Numerous methods including spray-drying, spray-cooling, phase separation, emul-
sion systems, liposome solid lipid nanoparticles (SLN), and inclusion complexation
have been proposed for the nanoformulations of liposoluble vitamins as depicted
in Figure 2. Some of the methods including nanoemulsions, polymeric and lipid
nanoparticles, etc. will be discussed in the chapter.
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Vitamin, chemical name

Recommended daily intake

Health benefits

Deficiency

Vitamin A, retinol

300 pg (1-3 years), 400 ug

Antioxidant, improves

Xerophthalmia caused

(>4 years) vision and bone by unbalanced diet or
growth, regulates cell malabsorption diseases,
proliferation, treatment  liver disorders, night
of skin cancer and blindness
leukemia

Vitamin D, cholecalciferol 5 pg (4-8 years) Essential for healthy Growth slowed in

bones, controls the
amount of calcium in
the blood

children, inadequate
diet, inadequate
exposure to sunlight,
severe deficiency leads
to rickets, osteomalacia,
muscle pain, severe
asthma in kids

Vitamin E, tocopherol

6 mg (1-3 years), 7 mg

Strengthens body’s

Deficiency might lead to

(4-8 years) immune system, keeps premature infants
blood vessels clear and
flowing well, boosts
the immune system,
healthy skin and eyes,
antioxidant

Vitamin K, phylloquinone 30 ug (1-3 years), 55 pug Essential for blood Subdermal

(4-8 years) clotting and blood hemorrhaging,

coagulation deficiency leads to
uncontrolled bleeding

and clotting

Table 1.

Recommended daily intake, Health benefits, and deficiency of liposoluble vitamins [11-13].
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Nanoformulations for liposoluble vitamins [14].

1.1 Nanoemulsions

Colloidal dispersions consisting of oil droplets dispersed in an aqueous medium in
the 5-200 nm range are known as a nanoemulsion. They are isotropic systems, which
are kinetically stable compared to conventional emulsions. Furthermore, they are
transparent or translucent to the naked eye [15]. They have also been found to hold
special characteristics such as protection from oxidant and hydrolysis in oil-in-water
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Figure 3.
Photographic evidence of the antimicrobial inhibition of (A) garlic essential 0il and (B) garlic essential oil
nanoemulsions [19].

(O/W) nanoemulsions [16], encapsulation of hydrophilic drugs [17], enhanced
bioavailability of drugs [18], and increased antimicrobial activity of essential oil [19].
Figure 3 shows an enhanced inhibition level against Escherichia coli of garlic essential
oil nanoemulsions (GEON) as compared to garlic essential oil [19]. The study by
Katata-Seru et al. further revealed an easy and effective Taguchi method for optimiz-
ing GEON and as a potential alternative to antimicrobial broiler growth promoters.
There are various types of nanoemulsions and the most common ones are O/W
type, water-in-oil (W/O) type, and bi-continuous type, for example, water-in-oil-
in-water (W/O/W) type. A number of different preparation techniques for nano-
emulsions have been investigated intensively using low and high energy. Low energy
includes spontaneous emulsification and phase inversion temperature, while high-
energy such as microfluidics, high-pressure homogenizers, or ultrasound equipment
methods are used. The food-grade nanoemulsions have generated a huge interest
using processing operations such as homogenization and mixing and shearing and
homogenization [7, 20]. Recently, Oztiirk evaluated various studies on enhanced bio-
availability of vitamins A, D, and E encapsulated in O/W nanoemulsions and their
factors affecting their stability [16]. Emulsion systems for encapsulation of vitamin
E showed that nanoemulsion formulation improved the emulsion stability with
an average particle size of 277 nm when compared to the standard emulsion [20].
Although it appears that significant research on nanoemulsions is on the rise, Oztiirk
highlighted a need for more in vivo bioavailability studies of the foods fortified with
lipophilic vitamins as their studies are few owing to the higher costs.

1.2 Polymeric nanoparticles

Polymeric nanoparticles (NPs) are solid carriers capable to adsorb, disperse,
entrap, and attach active ingredients to its matrices with the size of smaller than
1 pm. They are produced from preformed polymers by emulsion solvent evapora-
tion, salting out, dialysis, nanoprecipitation, and supercritical fluid (SCF) technol-
ogy. The NPs have displayed fairly good stability, higher loading efficiency, and

controlled release of bioactive compounds as compared to emulsion, micelles, and
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liposomes [14]. In addition, they have been studied extensively in the nutraceutical
field because of characteristics including increased stability, the capability to protect
drugs, etc. [21, 22].

Studies have fabricated a unique polymeric vitamin E-modified aliphatic
polycarbonate (mPEG-PCC-VE) to assist oral absorption of oleanolic acid (OA)
[23]. The OA demonstrated excellent pharmacological activities in the clinical
treatment of hypoglycemia, immune regulation, acute jaundice, and chronic toxic
hepatitis. In spite of this, OA has limited water solubility and poor intestinal mucosa
permeability when delivered orally. The results of OA encapsulated mPEG-PCC-VE
NPs illustrated homogeneous 170 nm particle size with a drug loading of 8.9% and a
potential platform to facilitate the oral delivery of OA.

1.3 Lipid nanoparticles

Lipid nanoparticles were developed as an alternative to traditional nano-
systems such as polymeric particles and liposomes. Lipid nanoparticles can be
defined as colloidal particles composed of lipids stabilized by surfactants that are
solid at ambient temperature with sizes varying between 40 and 1000 nm
[24, 25]. The first lipid nanoparticle to be produced was solid lipid nanoparticles
as depicted in Figure 4. SLN is made from solid lipid only. The second generation
of lipid nanoparticles was developed a few years later called nanostructured lipid
nanoparticles (NLC). NLC is made from a blend of solid and liquid (oil) lipids
[26]. The addition of oil in NLC formulation is meant to distort the formation of
perfectly structured lipid crystals found in SLN, thus creating more room with
uptake capacity for the encapsulated active. This was first shown by Jenning and
Gohla, when they increased the loading capacity of retinol (vitamin A) from 1 to
5% by using NLC [27].

Lipid particles can be produced using various methods such as high-pressure
homogenization, microemulsion, emulsion solvent evaporation, emulsification-
solvent diffusion, solvent displacement, phase inversion, ultrasonication, and
membrane contractor technique [24]. However, of these techniques, only a few have
been applied to prepare lipid nanoparticles with vitamins. Vitamins are sensitive
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Figure 4.
Models for the structure solid lipid nanoparticles and nanostructured lipid carviers that can be obtained under
different conditions determined by the nature of the components and their relative solubility [25].
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bioactives, and thus care should be taken to employ techniques that will retain
their activity during formulation. The most widely used techniques to prepare lipid
nanoparticles with vitamins are the emulsion solvent evaporation method, high-
pressure homogenization, and microemulsions.

1.3.1 Emulsion solvent evaporation method

This method is based on the dispersion of a solution of the lipid components
in an aqueous surfactant solution. The lipids and the lipophilic bioactive are com-
monly dissolved in an organic solvent such as dichloromethane, cyclohexane, ethyl
acetate, or chloroform. When the nanoemulsion is formed, the solvent is extracted
or evaporated, and the droplets start to solidify until solid lipid nanoparticles
encompassing the active are formed. The solvent can be evaporated by agitation,
rotary evaporation, or spray-drying [28]. The emulsion solvent evaporation method
offers a great advantage for encapsulating actives that are highly sensitive to heat
such as vitamins as no thermal stress is needed [29].

1.3.2 High-pressure homogenization

This technique involves the preparation of a pre-emulsion, which is then passed
under high pressure (100-2000 bar) through a homogenizer valve. The pre-emulsion
generally composes a lipid phase and an aqueous phase containing a surfactant.
The fluid is accelerated in a very short distance in the homogenizer, reaching a high
speed. The lipid substances are then divided into small droplets by the shear stress
forces. This technique may produce particles with low encapsulation efficiency for
hydrophilic substances due to the drug migrating to the external aqueous phase
during particle formation. However, lipophilic actives can be encapsulated at high
dosage [30, 31]. The technique is also ideal for the production of large quantities of
sterile particles, which is an advantage for nutraceuticals [26].

1.3.3 Microemulsions

Microemulsions are clear, thermodynamically stable, and isotropic liquid
mixtures of oil, water, and surfactant and almost always co-surfactant as well. The
droplet size in the dispersed phase of the microemulsion is less than 100 nm. The
droplets are formed by the drastic cooling of a microemulsion mixture to solidify
the droplets and create particles loaded with the bioactive. The preparation of
microemulsions does not require much energy to form and is thus recommended for
actives that are highly sensitive to shear forces or thermal stress as is the case with
most vitamins [29]. Other advantages of microemulsions include the use of bioac-
tive compatible ingredients and the enhanced stability of formulations, as they are
thermodynamically stable [32].

After preparation, lipid nanoparticles can be stored as nanosuspensions in the
medium they were formed, or dry particles can be obtained using either freeze-
drying or spray-drying [25]. In some instances, aggregation of particles may occur
due to the drying process. In these instances, an adequate amount of cryoprotectant
can be added to prevent or minimize aggregation of the particles [30].

1.3.4 Lipid nanoparticles for the delivery of vitamins
There has been an increasing awareness of maintaining personal health by bal-

anced nutrition and the intake of nutraceutical supplements. Due to the challenges
faced with the stability of nutraceuticals, lipid formulations have been sought to
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enhance the stability of these bioactives. Lipid nanoparticles are highly recom-
mended for the delivery of vitamins firstly due to their physical stability, secondly
due to their ability to protect actives from environmental factors such as oxidation,
hydrolysis, and possibly enzymatic degradation in the gastrointestinal tract, and
thirdly due to their cost-effective production at large scale, for example, high-
pressure homogenization.

Following the study by Jenning and Gohla, liposoluble vitamins A, D, E, and K
as well as their derivatives have been presented as good candidates for encapsulation
using lipid systems due to their low bioavailability and relative instability [33]. With
the aim of increasing the intestinal absorption of vitamin K, vitamin K1 was encapsu-
lated in SLN and demonstrated stability for more than 2 days in simulated gastric and
intestinal fluids. The encapsulation also increased storage stability of vitamin K1 up
to 4 months at 25°C [34]. Vitamin A in the form of all trans-retinol suffers degrada-
tion reactions that are characteristic of conjugated double bonds resulting in loss of its
bioactivity. The vitamin was encapsulated in SLN and demonstrated an enhancement
of retinol stability, photostability, and preservation of its antioxidant activity [35]. The
lipophilicity, chemical instability, and poor skin penetration of vitamin E have limit its
effectiveness as an antioxidant and photoprotectant used in various pharmaceutical and
cosmetic products [25]. Various lipid formulations with vitamin E were developed, and
the results obtained showed the possibility to enhance chemical stability and physical
stability of Vitamin E in a cream [36]. In other formulations, Tween 80 was mixed with
various lipids and surfactants to produce particles with the ability to protect vitamin E
against photodegradation [37, 38]. Ying and Misran produced a thermoresponsive gel
for topical application that could control the release of vitamin E [39].

1.4 Polymeric micelles

Polymeric micelles are formed from block copolymers that have amphiphilic
character. Amphiphilic polymers are copolymers composed of hydrophilic (“water-
loving”) and hydrophobic (“water-hating”) parts [40]. They normally form
spontaneously under certain concentrations and temperatures in a given media
[41]. The concentration at which these micelles are formed is known as critical
micelle concentration (CMC), while the temperature at which this micelle exists
is called the critical micellization temperature (CMT) [41]. Hydrophobic blocks
of amphiphilic polymers form the core of the micelle, while the hydrophilic blocks
form the shell [42, 43]. They can be utilized as drug carriers, by incorporating the
poorly soluble nonpolar substances within the micellar core and polar substances
on the micellar shell (by adsorption); substances with intermediate polarity are dis-
tributed between the core and shell [41, 44]. These properties enable these systems
to incorporate poorly water-soluble drugs in the micellar core by physical interac-
tion or by chemical conjugation leading to higher solubility extents [43], to protect
the drugs or sensitive substances from premature degradation and also reduce the
toxicity of the drug [42]. When compared to conventional micelles, polymeric
micelles have lower CMCs values and are more stable even at concentrations below
CMC [41]. This behavior stems from the slower rate of dissociation that depends on
the molecular weight and hydrophilic-hydrophobic balance of the polymer as well
as the properties of the drug incorporated into the core [43].

1.5 Supercritical fluid technology
The methods discussed in the preceding sections involve the use of organic solvents,

which could impart residual moisture of organic solvents on the produced nanopar-
ticles. Supercritical fluid technology, on the other hand, utilizes the CO,, which often
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produces nanoparticles or microparticles without any trace of solvent, thus high purity.
CO, is a cheaper fluid, nontoxic, and non-flammable. Its low critical temperature
of 31.1°C makes it an ideal fluid for sensitive or thermally labile materials. An active
ingredient is regarded to be in a supercritical state if its temperature and pressure are
above its critical values. Based on the solubility of active ingredient in CO, (or any inert
gas) fluid, particles can be formed by using two approaches as depicted in Figure 5:
(a) rapid expansion of supercritical solution (RESS) and (b) rapid expansion of
supercritical solution into a liquid solvent (RESOLV) [45]. In order to perform RESS,
high solubility in the supercritical fluid is required. However, some of the active nutra-
ceutical ingredients are organic polar compounds. CO,, due to its low polarity, isnot a
proper fluid for these materials. The nutraceutical ingredients are ideal for RESOLV. In
RESOLY, an organic solvent is required to dissolve the vitamins expanding in the SCF.
As discussed in Section 2.3, solid lipid nanoparticles are spherical nanoparticles
produced from solid fat. Instead of melting the lipids in an appropriate organic sol-
vent, vitamin B2 was encapsulated in SNL using SCF [46]. The lipids are saturated
with CO, in order to decrease the melting point. However, Couto and colleagues
modified the SCF, in which the lipid, bioactive, and surfactant mix expanded with
CO, was decompressed into a water stream containing a stabilizer. Vitamin B2,
the hydrophilic bioactive, was encapsulated in fully hydrogenated canola oil (the
solid lipid), using sodium lauryl sulfate as surfactant and polyethylene glycol as
stabilizer. Vitamin B2 participates in a range of redox reactions central to human
metabolism, and its deficiency has been linked to fetal developmental abnormali-
ties and deficiencies in the production of red blood cells. Due to its hydrophilic
nature, it is easily absorbed, but it is not stored in the body, leading to the need for

Pre-Expansion
Unit

Polymer Solution in CO,

Syringe Pump

Figure 5.

A %chemutic representation of particle formation by rapid expansion of supercritical solution. In conventional
RESS, blank particles are formed dissolving the solute, that is, polymer in a supercritical fluid to form a
solution. This is followed by the rapid expansion of the solution across an ovifice or a capillary nozzle into
ambient air. The high degree of supersaturation, accompanied by the rapid pressure reduction in the expansion
unit, ideally results in homogenous growth of particles and, thereby, the formation of well-dispersed particles.
However, results obtained from mechanistic studies of different model solutes for the RESS process indicate that
both nanometer- and micrometer-sized particles are usually present in the expansion unit [46].
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replenishing its levels every day. By encapsulating it in SLN, it is anticipated that a
sustained release can be obtained and its absorption can be slowed down.

2. Conclusions

Numerous delivery systems such as nanoemulsions, microemulsions, liposomes,
lipid nanoparticles, polymeric micelles, and nanoparticles have been reported
extensively for encapsulating nutraceuticals especially liposoluble vitamins. The
lipid-based nanoformulations were highly recommended by various studies as
compared to others due to their better absorption when ingested, improved stabil-
ity, and low degradation in the gastrointestinal tract. However, more efforts need
to be focused on their toxicity and regulatory issues for the faster development of
industrially processed nanoformulated nutraceuticals from the lab-scale research
discoveries. It is widely anticipated that over the next couple of years, nanoformu-
lated delivery systems of essential nutraceuticals will continue to evolve and many
novel food products are expected to be used with an enormous positive impact on
addressing malnutrition challenges in children.
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Abstract

The use of nano-emulsions has great advantages over conventional macro-
emulsions since the small droplet size allows to expand the options of applications
besides presenting a greater surface area. This chapter focuses on the formulation
of nano-emulsions of citrus essential oils in water, stabilized with a natural gum
(mesquite gum), using a high pressure microfluidic homogenizer to obtain appro-
priate physicochemical characteristics and kinetic stability. When establishing the
general conditions of the methods for obtaining nano-emulsions by high pressure
homogenization, several formulations presented stability and size corresponding
to nano-emulsions, and these were monitored during 4 months in order to study
their stability as a function of time. Taking into account the results of size and
stability, the best nano-emulsion obtained had a composition of Persian lemon
oil (9.86%), mesquite gum (4.93%) Tween 80 (4.89%), Span 20 (1.45%), and
deionized water (78.86%) with an average droplet size of 40 nm. In addition, the
antibacterial activity studies also showed that this formulation had the best per-
formance against common bacteria such as Staphylococcus aureus and Escherichia
coli. The analysis of the minimum inhibitory concentration (MIC) shows that it is
possible to prevent the growth of these particular bacteria using 6.25% of the best
nano-emulsion formulations.

Keywords: nano-emulsions, essential oil, mesquite gum, high pressure microfluidic
homogenizer, antibacterial
1. Introduction
1.1 Nano-emulsions

Nano-emulsions can be defined as ternary systems composed of nano-sized
droplets (20-500 nm) dispersed in a continuous phase and stabilized by amphi-
philic molecules known as surfactants [1-4]. The nature of the droplets and con-

tinuous phase can be aqueous or oily, forming oil-in-water (O/W) or water-in-oil
(W/O) nano-emulsions. Regarding surfactants, these molecules must possess a
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double affinity, a hydrophilic polar head and a hydrophobic non-polar tail, for
example. The surfactant allows decreasing the oil/water interfacial tension (e.g.
~5-10 mNm "), leading to formation and dispersion of very small droplets. The
decrease in interfacial tension can be enhanced by the addition of a co-surfactant,
which acts in similar way than surfactants, but is added in a much lower content.
The singularity of nano-emulsions is its small droplet size range, kinetic stability,
and the lack of surfactant (5-15% is usually needed) compared to other emulsion
systems such as microemulsions [5, 6]; but, in order to be formed they require an
external stimulus (being kinetically stabilized) [7] as:

a.Mechanical input: applied with a special equipment such as ultrasonic probe
(UP) or high pressure homogenizer (HPH). In a typical HPH (Figure 1),
a pump pushes a pre-formulated macroemulsion through a narrow gap, a
microfluidic interaction chamber (in the micrometer range), where the large
droplets break into smaller droplets due the extreme elongation and shear
stresses through the homogenization process. This step can be repeated
multiple times until the droplet size becomes constant. On the other hand,
the UP can induce the breaking of pre-formulated macroemulsion droplets
by cavitation, which can also be repeated numerous times. The size and
polydispersity of these droplets depends of the applied energy through the
whole nano-emulsification process, as well to the water/oil/surfactant
ratio [1, 5].

b.Physicochemical input: requires a change of temperature (PIT: phase inversion

temperature method) or the addition of an extra amount of dispersed phase

(PIC: phase inversion composition). In the first case, the increasing or decreas-

ing of temperature can induce a phase transition (e.g. O/W => W/0O), due

the change of the hydrophilic-lipophilic balance (HLB) of the system. In the

second case, the increment of the droplet constituent can lead to the dispersed-

phase/continuous phase =» continuous-phase/dispersed phase transition [8, 9].

Both approaches are based on phase changes that pass through a zero-curvature

system such as a bicontinuous microemulsion or a lamellar phase, in order to

facilitate phase inversion [3].

Compared with mechanical methods, physicochemical strategies are consid-

ered low-energy methods (~103 Wkg ™" vs. ~1010 Wkg™"); however, they need

Figure 1.
Typical high pressure homogenizer equipment.
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very detailed phase behavior studies, which are time consuming. For this reason,
high-energy methods may be preferred. Regarding applications, nano-emulsions
can be employed in a wide range of fields such [10]: pharmaceutical, cosmetic,
automotive and food industry, depending on their physicochemical properties. In
this study, citric oil droplets were formed and dispersed in an aqueous continuous
phase, using polysorbates as surfactants and a natural gum (mesquite), through an
assisted HPH method. The chemistry of the citric oil and nano-emulsion stability
allows the application of the formulated systems for antibacterial applications
against bacteria such as Escherichia coli and lactobacillus delbrueckii at studied
conditions.

1.2 Polysorbate surfactants

Tween 80 and Span 20 (Figure 2) belong to the polysorbate family, a non-ionic
type of surfactants. Chemically, polysorbates are derived from ethoxylated sorbi-
tan, a derivative of sorbitol, which is esterified with fatty acids. Tween and Span
are proprietary names from CRODA™ (manufacturer of specialty chemicals); the
numeric values are specific to the fatty acid derivative: oleic acid, for Tween 80,
and lauric acid, for Span 20. Both surfactants are frequently used as emulsifiers for
the food and cosmetic industry, having a very low toxicity and eco-friendly chem-
istry [11-13]. However, the affinity for polar (water) and non-polar (oil) groups
is different for each non-ionic surfactant; according to the hydrophilic-lipophilic
balance scale (HLB) [14], Tween 80 is hydrophilic (HLB: 15), while Span 20 is more
lipophilic (HLB: 8.6).

1.3 Mesquite gum as emulsifier

Mesquite gum is a vitreous exude, produced by mesquite tree (Prosopis
laevigata), a widely distributed plant across arid and semiarid zones. This gum
is composed of a highly tailored polysaccharide salt, constituted by residues
of L-arabinose, D-galactose, 4-O-Methyl-D-glucuronic acid and L-rhamnose
(Figure 3) [15, 16]. Mesquite gum chemical composition is similar (different
molar ratio) to that one of Arabic gum, which is commonly employed in the food
and pharmaceutical industry, due its emulsification capacity [17, 18]. In México,
mesquite gum is only consumed as a candy, therefore there is a wield field for
exploration of this product as emulsifier.

1.4 Citric oil nano-emulsions

A natural antibacterial extracted from plant or fruit origin is the essen-
tial oil, many studies have described this effect [19-21]. Pink Grapefruit
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Figure 2.
(A) Tween 80 and (B) Span 20 chemical structures.
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Figure 3.
Main constituents of mesquite gum (from left to right): L-arabinose, D-galactose, 4-O-Methyl-D-glucuronic
acid and L-vhamnose.

Figure 4.
D-limonene chemical structure.

(Citrus paradise) belongs to the Citrus genus, a class of flowering plants in the
family Rutaceae [22]. The active constituents exist in this kind of citrus essential
oil, such as limonene, a-pinene, b-pinene and a-terpinolene [22, 23]. Its seed and
peel extract (essential oil) has shown the antibacterial and antifungal property
[24]. Persian lemon (citrus latifolia tanaka) is composed of citric, malic and
formic acids, as well from pectin, hesperidin, and essential oils as D-limonene
(Figure 4) and phellandrene, which are the volatile liquid fractions responsible
for the characteristic smell of lemon. These compounds can be extracted by
distillation, and are commonly employed in the cosmetic, pharmaceutical and
food industry [25].

As part of a nano-emulsion, D-limonene has been used as the oil phase of
different O/W nano-emulsions. For instance, in the work of Li and Chiang, who
have successfully formed D-limonene O/W nano-emulsions phase by an ultra-
sonic method, using Span 85 and Tween 20 as surfactants [26]. Another example
is the work of Donsi et al. [27], who achieved D-limonene nano-emulsions
formation through a high pressure homogenizer, using a wide type of emulsifiers.
The latter authors have explored the antibacterial properties of these systems
by testing against Escherichia coli and lactobacillus delbrueckii, demonstrating
D-limonene nano-emulsion capacity to control and eliminate microbial organisms
[27, 28]. As these studies, there are some other investigations about D-limonene
nano-emulsions, but none of such studies explores the formulation with a natural
emulsifier as mesquite gum.
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2. Analysis of the components of a nano-emulsion

The first stage of the research consists of the characterization of the raw materi-
als (gums and citric essential oils) used in the formulation of nano-emulsions.

2.1 Mesquite gum purification

Mesquite gum was extracted from mesquite pearls obtained from a local candy
store at Sonora (Sonora, México). The purification process of the mesquite gum
begins with the selection of the cleanest pearls by visual inspection as indicated by
literature [17]; afterwards the pearls were ground in a ceramic mortar until a pow-
der was obtained. Then a20% (wt) solution of this powder was prepared, which
was filtered (in order to eliminate impurities like dust and pieces of wood), details
of the process can be found in literature [12].

Afterwards, several drying processes were experimented, specifically oven and
lyophilization. The drying process by oven was discarded since it was very slow, and
in addition, the gum obtained was of a brown tone, indicating a possible degradation
of the gum or caramelization. Regarding the lyophilization method, several strategies
were tested. First, it was tested with a lyophilized sample at 20%, and a gum with a
“sponge” texture was obtained, later this “sponge” gum was re-lyophilized in order
to obtain a denser version. Therefore, it was decided to test lyophilized 40% mesquite
gum solutions in a controlled manner, this last process was selected to be used for the
production of gum for the nano-emulsions of this research.

2.2 Infrared spectrum analysis (FT-IR) of the gums

To carry out this analysis, the Thermo Nicolet 6700 FT-IR spectrophotometer
with its attenuated total reflectance accessory (Thermo Scientific) was used, using
solid samples (powders).

Figure 5 shows the FT-IR spectra of the different gums characterized in this
research, which are largely comparable with the FT-IR spectrum of Arabic gum (GA)
reported in the literature [17, 18]. Therefore, it follows that the different mesquite gums
produced (oven dried procedure, dense lyophilized and controlled Lyophilized) essen-
tially have the same chemical composition in terms of sugars, amino acids and pro-
teins. Absorbance of the ==OH and ==CH groups are observed at 3375 and 2932 cm™
(similar to that reported in the literature [17]), and a band centered between 1650 and
1600 cm ™ that can be assigned to the primary amides. There is a smaller band around
1500 cm ™ that is assigned to the secondary or substituted amides. The bands of the
primary and secondary amides are characteristic of the presence of peptide bonds and
confirm the presence of the protein [17], There is also a band at 1400 cm ™ that can be
attributed to a carboxylic group. The bands that are around 1000 and 900 cm ™ can be
attributed to the glycosidic acetal groups of pyranose, according to the literature [17].

1

2.3 Concentration of aldehydes of citric essential oils

The citrus essential oils used during this research were a generous donation
from the FRUTECH company. The determination is made by the hydroxylamine
hydrochloride method (ISO 1279: 1973). A Titroline Alpha plus automatic titrator
from SI Analytics was used to obtain the aldehyde concentration of the citrus oils
of pink grapefruit and Persian lemon. Four grams of oil are weighed in a beaker,
50 mL of hydroxylamine hydrochloride solution are added, stirring for 1 minute at
300 rpm, and then it was allowed to rest for 30 minutes. Subsequently, a titration
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IR spectra of the different gums.

with methanolic KOH is performed and the amount of mL used is recorded to reach

a pH of 3. In order to determine the concentration of aldehydes, the following math-
ematical formula is used:

Yocarbonyl compounds =

(a x N meq x 100)/13
where

a = Volume of the potassium hydroxide solution used in the neutralization of the
sample in mL.

N = Normality of the potassium hydroxide solution.
P = Weight of the sample, in grams.

meq = Milliequivalent corresponding to the carbonyl compound in which the
result is expressed.

Aldehydes are a family of organic compounds (R==CHO), which are indica-
tive of the quality of essential oils, the higher the concentration of aldehydes,
the higher the oil quality [29]. The released HCl is evaluated, which is related to
the content of carbonyl groups in the sample and it can be calculated in grams

of the aldehyde. The results are shown in Table 1, these are within the expected

ranges (For Persian lemon is 3.5-7.5 and 0.8 1.5% for pink grapefruit) according to
literature [28].

Citric essential oil %pH mL %Aldehydes
Persian lemon 3.89 9.96 3.67
Pink grapefruit 1.07 275 1.04
Table 1.
Concentration of Aldehydes.
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Figure 6.
Chromatographic profile of the sample analyzed: (A) Persian lemon oil and (B) pink grapefruit oil.

It can be seen that Persian Lemon oil has a concentration of aldehydes 3 times
greater than pink grapefruit oil, which is why it was a determining factor for the
selection of Persian lemon oil as an oil phase. It should be noted that aldehydes are the
components with the highest added value since they provide most of the odor, taste
and therapeutic qualities, and are therefore the most important components. In addi-
tion, some authors attribute the antibacterial activity to aldehydes, although there is
controversy in this aspect since other authors give this property to terpenes [30-32].

2.4 Volatile profile by gas chromatography of citric essential oils

The analysis was carried out in a gas chromatograph model 78902 coupled to a
Mass Spectrometer (Agilent Technologies). For the analysis 2 pL of each oil sample
is injected, the column HP-5MS (Agilent Technologies) is responsible for passing
or retaining each compound of citrus essential oils and uses Helium as a carrier gas
at a temperature of 280°C and the Wiley library is used as a database for the identi-
fication of each component. This analysis allows the separation and identification
of the components of the essential oils. Terpenes have a lower retention time than
aldehydes, so this method is used to corroborate the concentration of aldehydes.

As observed in the chromatograms (Figure 6) D-limonene is the signal with more
abundance in the citrus essential oils used in this research and is a component widely
used in microbial inhibition in the food, pharmaceutical and cosmetic industry [33, 34].

The mechanism of the antibacterial function of essential oils is still not detailed,
according to the literature [35]. As mentioned earlier there is a controversy regard-
ing antibacterial activity and the relationship with aldehydes and terpenes. As we
can see in Figure 6, Persian lemon oil has a higher concentration of aldehydes.

3. Methodology for the formulation of nano-emulsions of citrus
essential oils

A reproducible process for the formulation of nano-emulsions of essential
citrus oils is described. The initial process of preparing the nano-emulsions consists
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Process for the formulation of nano-emulsions (A) oil and water phase of nano-emulsions, (B) preparation of
pre emulsion by high speed agitation, (C) high pressure process.

of mixing the components in an Erlenmeyer flask using magnetic stirring in a
water bath at 40°C for 10 minutes. Followed by high speed mechanical agitation
(8000 rpm) for 5 minutes. This first step helps to dissolve the gums and/or surfac-
tants in the aqueous phase as much as possible, and thus it eliminates any possible
lumps that could lead to plugging in the microfluidizer interaction chamber. In
addition, this step allows to form a pre-emulsion, that is, the oil phase is dispersed
as droplets in the aqueous continuous phase; however, at this point, the droplets are
micrometric in size and therefore the pre-emulsions have a milky appearance.

This pre-emulsion is then introduced into the high pressure homogenizer
(microfluidizer), and subjected to high pressure (the nano-emulsions were sub-
jected to pressures ranging from 10,000 to 30,000 psi) collecting a sample every 1,
3, 5 and 10 laps. In this high pressure process, the droplet size of the nano-emulsion
decreases as the number of times the nano-emulsion is introduced to the equip-
ment increases (number of turns or laps or steps), although sometimes the droplet
size increases again when the number of laps increases up to a certain value, due to
degradation of gums or surfactants. Finally, the nano-emulsion sample is collected
and prepared to be sterilized. In Figure 7, a summary of the process is presented.

After a series of experiments varying concentrations, applied pressure and
number of laps, it was possible to obtain a visually appropriate formulation with
relative stability, verified by the characterizations. Therefore, comparison controls are
generated, which are described in Table 2, replacing mesquite gum with Arabic gum,
Tween 80 and Span 20 surfactants, and finally the substitution of mesquite gum for
deionized water. These controls were defined in this way to investigate if mesquite
gum would have an influence on the characteristics and kinetic stability of the nano-
emulsion. Samples of these controls were taken at 1, 3, 5 and 10 steps, Table 2 shows
the samples that resulted in the best size distribution and best visual appearance.

Experiment  Laps Oil Span Tween Variable Deionized PSI
phase 20 80 water
Delta control 10 9.86%  1.45% 4.89% Mesquite gum: 4.93% 78.86% 20,000
Control 2 3 9.86%  1.45% 4.89% Arabic gum: 4.93% 78.86% 20,000
Control 3 10 9.86% 1.45% 4.89% Span 20: 1.12% + Tween 8.86% 20,000
80: 3.81%
Control 4 5 9.86% 1.45% 4.89% Deionized water 83.76% 20,000
Table 2.

Details of the formulation of nano-emulsions.
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4, Characterization of nano-emulsions

To demonstrate which formulation leads to an optimization of the use of the
microfluidizer and natural gums in the formation of these nano-emulsions, it is
necessary to evaluate each system previously described in Table 2.

4.1 Dynamic light scattering

When comparing these controls against the Delta Control nano-emulsion in
Figure 8 it is observed that Control 3 with 10 turns in the homogenizer presents
a smaller size, in this case a single population with a size of 19 nm, but it hasa
higher polydispersity index (PDI of 0.143). This is attributed to its composition
based solely on surfactants Tween 80 and Span 20 with high HLB. On the other
hand, Control 4 nano-emulsion, which does not contain gum, and only carries
5% of surfactants Tween 80/Span 20, had a droplet size of 25.3 nm, a lower size
than Control Delta but larger than Control 3. With these experiments, it can be
implied that the components responsible for the small drop size are the surfactants
Tween 80 and Span 20, since greater interfacial activity with the presence of these
surfactants was expected. In addition to increasing the concentration of these
surfactants (Control 3) produces a greater interfacial area and a smaller drop size.
Finally, it is observed that the Control 2 experiment (control using Arabic gum
instead of mesquite gum), has a droplet size of 46.8 nm, very similar to Control
Delta, which shows that the mesquite gum, in effect, has a very similar perfor-
mance to that of Arabic gum (in terms of the droplet size). It should be noted that
Control Delta nano-emulsion (with mesquite gum) has a narrower size distribu-
tion than Control 2 (with Arabic gum).

A small initial droplet size is not a guarantee that the kinetic stability will be
better compared to nano-emulsions with a larger droplet size. For this reason, nano-
emulsions were monitored in order to see if there was an increase in the droplet
size or an increase in the number of populations, which would indicate instability
or some other problem such as cremation, sedimentation, flocculation, or some
change in coloration or appearance, which would reduce shell life. All the samples
were refrigerated at 4°C and were wrapped in aluminum foil in order to prevent the
citrus essential oil from oxidizing in the presence of light.

The first monitoring study to be discussed is Control Delta (Figure 9), which
represents the best formulation that includes mesquite gum. It was observed to be
stable for 4 months. The PDI varied between 0.071 and 0.091 and the sizes vary
from 41 to 46 nm, therefore it is considered to be a very stable nano-emulsion;
besides, its appearance including color did not change.

Size Distribution by Volume
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Figure 8.
Graph of volume size distribution in DLS of nano-emulsions.
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Figure 9.
DLS graph of the 4-month follow-up of Delta Control.

Therefore, a certain percentage of the droplets increased slightly in size, how-
ever, there appeared to be no coalescence since the size remained almost constant.
On the other hand, the fact that no additional larger populations were produced,
unlike the other controls, as shown below, is indicative of the appropriate steric
stabilization conferred by mesquite gum.

The next control that was evaluated is the one that incorporates Arabic gum
instead of mesquite gum (control 2). From the first series evaluated on this research,
we have seen that the nano-emulsions that incorporate Arabic gum developed during
this research do not present a very good stability performance, this is confirmed with
the results shown in Figure 10, where there appears to be an apparent gradual reduc-
tion of the droplet size (~25 nm) but with an increase of the PDI from 0.115 to 0.247,
to finally increase again at the fourth month (droplet size of ~35 nm). The greatest
sign of instability is the presence of other populations with a size around 3 pm that
occurs in parallel to the apparent reduction in droplet by the second month, which
is attributed to the phenomenon of Ostwald ripening [36], which is one of the
main mechanisms of instability in nano-emulsions. This experiment confirms that
mesquite gum has advantages over Arabic gum in the formulation of the nano-emul-
sions of Persian lemon oil. The mesquite gum confers a better steric stabilization as
compared to Arabic gum, improving the kinetic stability of the nano-emulsion.

In the follow-up of Control 3 shown in Figure 11 (nano-emulsion with excess
of Tween 80 and Span 20, and without mesquite gum), it seems to be a very stable
nano-emulsion, however with each measurement the droplet size, the presence of
larger size populations and the PDI increase. For example, from the second month,
it evolves from having a single population of 19.0 nm, to having the population of
20.7 nm in coexistence with populations of 467 and 5033 nm, which do not occur
in Control Delta. Therefore, it is deduced that the presence of the mesquite gum
helps to maintain the stability of the nano-emulsions, providing an additional steric
stabilization against coalescence.
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Figure 10.

DLS graph of the 4-month follow-up of Control 2.
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Figure 11.
DLS graph of the 4-month follow-up of Control 3.

Control 4 nano-emulsion incorporates only 5% of surfactant, a mixture of
Tween 80/Span 20, and mesquite gum was not included, therefore its water content
increases to 85% (as mesquite gum is replaced by water). This control was formu-
lated in order to verify if there is any effect on the size of the nano-emulsion and
its stability with the presence of the mesquite gum. This is observed in Figure 12,
where first, apparent reductions followed by increases in the size of the droplets are
seen (droplet size range from ~15 to ~20 nm with PDI range from 0.165 to 0.453),
with the presence of large droplet populations, with size around 2000-4000 nm by
the fourth month. This may be attributed to a combination of Ostwald ripening and
coalescence destabilization phenomena.

In general, the results from the experiments described above showed that nano-
emulsions without mesquite gum result in droplet sizes which are smaller than
those obtained with samples that include mesquite gum in their formulation, but
better kinetic stability and smaller PDI are obtained with the nano-emulsions that
contain mesquite gum. This is attributed to the additional steric stability conferred
by mesquite gum, which results it a better kinetic stability, since there is virtually no
droplet size growth. An arrangement of the different surfactants and stabilizers at the
droplet interface is proposed in the scheme of Figure 13. It is proposed that the larger
hydrodynamic size obtained with mesquite gum is due to its location at the surface
of the droplet, where carbohydrate chains of the gum can interact with the sorbitan
groups and EO groups of Tween 80.

4.2 Minimum inhibitory concentration

Next, the results of the antibacterial activity tests of Control Delta, Control 2,
Control 3 and Control 4 nano-emulsions are shown (in this study, each
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Figure 12.

DLS graph of the 4-month follow-up of Control 4.

55



Nanoemulsions - Properties, Fabrications and Applications

Oelonized
Water

ail =

Figure 13.
Schematic of the proposed arrangement of surfactants and stabilizers at the interface of the nano-emulsion
droplets.

nano-emulsion was evaluated at 1, 3, 5 and 10 steps into the microfluidizer). To
determine the MIC (minimum inhibitory concentration) of the nano-emulsions
against the test organisms Escherichia coli and Staphylococcus aureus the broth micro-
dilution method was used as recommended by the National Committee for Clinical
Laboratory standards. This test was performed in sterile 96-well microplates. The
nano-emulsions were properly prepared and transferred to each microplate into two
lines in order to verify reproducibility. The inoculate (10 pL) containing 5x105 CFU
(colony-forming unit) of each microorganism was added to each well. A number of
wells were reserved in each plate to test for sterility control (no inoculate added),
inoculate viability (no nano-emulsion added), and the nano-emulsion inhibitory
effect. Plates were aerobically incubated at 35°C. After incubation for 18-24 h, bac-
terial growth was evaluated by the presence of turbidity and a pellet formed at the
bottom of the well. MIC was defined as the lowest concentration of nano-emulsions
that had no macroscopically visible growth. A sterilization process was applied to
the nano-emulsion samples prior to MIC studies, in order to ensure that no previous
contamination was present in the samples.

Table 3 shows the MIC results for nano-emulsions sterilized during 40 minutes
under UV light corresponding to Escherichia coli and Table 4 shows the MIC results
corresponding to Staphylococcus aureus. Additionally, a nano-emulsion with the
same composition and processing of Control Delta was prepared, but replacing the
Persian lemon essential oil with industrial D-limonene, since this component could
be the active bactericidal component.

In general, the best result of MIC was obtained with Staphylococcus aureus.

The delta control nano-emulsion resulted in a MIC of 6.25% for both bacteria.
Therefore, with these results it was confirmed that the nano-emulsions of Persian
lemon oil developed under the method described in this research have an antibacte-
rial effect against Staphylococcus aureus and Escherichia coli.

Nano-emulsion Steps in Homogenizer MIC (% of concentration of the nano-emulsion)
Control Limonene All steps 25
Control Delta All steps 6.25
Control 2 All steps 25
Control 3 1,3,5 6.25
10 12.5
Control 4 All steps 6.25
Table 3.

MIC results for nano-emulsions sterilized during 40 minutes. Bacterium used: Escherichia coli.
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Nano-emulsion Steps in Homogenizer MIC (% of concentration of the nano-emulsion)
Control Limonene All steps 25
Control Delta All steps 6.25
Control 2 All steps 25
Control 3 1 156
3 312
5 6.25
10 12.5
Control 4 1,3 312
5,10 6.25
Table 4.

MIC results for nano-emulsions sterilized during 40 minutes. Bacteria used: Staphylococcus aureus.

Considering that the nano-emulsions contain 10% Persian lemon oil, the MIC of
this essential oil could be considered as 0.625% for both Staphylococcus aureus and
Escherichia coli and (taking into account the composition of Control Delta samples).
Considering the best results, we have a MIC of 0.625% for Control Delta, Control 3
and Control 4 for Escherichia coli and 0.156% for Control 3 and Staphylococcus aureus;
it is inferred then, that these nano-emulsions (Control 2, 3 and 4), which present
smaller droplet sizes, their antibacterial power can be attributed to a greater interfa-
cial area, since there is a greater contact area between Persian lemon oil and bacteria.
However, due to the better kinetic stability of Control Delta nano-emulsion, it is
considered as more promising. Some adjustments could be made to improve these
results, such as increasing the concentration of Tween 80/Span 20 in Control Delta
in order to reduce the size, but maintaining the presence of mesquite gum in order to
preserve the steric stability conferred by it.

When carrying out the antibacterial activity tests, it was observed that when the
nano-emulsions were subjected to treatment with UV light, they became slightly
more transparent, so it was suspected that the UV light radiation can cause a
reduction in the droplet size. In Figures 14 and 15, we observe the effect of the UV
light treatment on the two nano-emulsions with better kinetic stability behavior
and droplet size. In the case of Control 3 nano-emulsion at 10 steps (formulation
without mesquite gum, but with additional Tween 80 and Span 20), there was no
significant reduction in size (from 1 to 0.5 nm reduction), after sterilization treat-
ment at different exposure times. However, for Control Delta nano-emulsion there
was a reduction of approximately 10 nm after treatment with UV light, which may
indicate that the mesquite gum is being broken into smaller carbohydrate chains, or
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Figure 14.
Size distribution chart by volume of control 3 10 steps with UV treatment.

57



Nanoemulsions - Properties, Fabrications and Applications

Size Distribution by Volume

20 — Conftrol Delta: 10 Laps No Treatment
= Control Delta: 10 Laps 10 min Treatment
£15 =={ontrol Della: 10 Laps 40 min Treatment
2 " == Control Delta: 10 Laps 19 h Treatment
3
R Tresre e
3 =
u 1 i
20 30 40 50 &0 70 80 90100
Size {d.nm)
Figure 15.

Size distribution graph by volume of control delta 10 steps with UV treatment.

that rearrangement of the carbohydrate chains is taking place, thereby reducing the
hydrodynamic droplet size.

On the other hand, although the literature indicates that it is not that clear which
of the components of the citrus essential oils is the cause of the antibacterial effect,
the nano-emulsion with industrial D-limonene results in a higher MIC than Control
Delta which is prepared with Persian lemon oil; thus, it may be inferred that the
aldehydes of the Persian lemon oil could be the components that are mainly respon-
sible for this effect, as compared to the terpene components.

4.3 Volatile profile by gas chromatography of nano-emulsions

After the analysis of the previous results was carried out, it may be inferred that
the aldehydes present in the Persian lemon oil may be the components that potenti-
ate the antibacterial power. Nano-emulsions of Control Delta (Combination of
Surfactants—Span 20: 1.45%, Tween 80: 4.9%, Mesquite Gum 4.9%), both unsterile
and sterilized (with 10 and 40 minutes of UV light treatment) were investigated
in order to perform a profile analysis of the volatiles by gas chromatography. As
observed in Figure 16, when the nano-emulsion Control Delta was exposed to dif-
ferent UV sterilization times, the D-limonene signal becomes smaller in comparison
with the nano-emulsion sample that was not exposed to UV, so it can be implied
that the D-limonene component does not appear to be the main component that
acts as an antibacterial agent in this particular sample.

Once the retention time of D-limonene passes (Figure 17), the region of the
aldehydes begins at higher retention times, and as observed in the previous analysis

Figure 16.
D-limonene signal in the Control Delta Chromatogram.
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Figure 17.
Central area of the Control Delta Chromatogram.

Figure 18.
Oxides area in the Delta Control Chromatogram.

of the Persian lemon essential oil, it contains a higher concentration of aldehydes
than other citrus essentials oils. There are several aldehyde signals that increase
when the sample is subjected to 40 minutes of UV. It was observed that the nano-
emulsions contain a higher percentage of aldehydes and a better antibacterial
response after UV treatment.

The oxides zone can be detected after a retention time of 30 minutes (Figure 18). In
this area, other signals increase when the nano-emulsions are subjected to 40 minutes
sterilization process. Thus, it may be inferred that these oxides may also contribute to
the antibacterial effect.

5. Conclusions

This chapter examines the influence of nano-emulsion composition and high
pressure homogenization conditions on droplet size and stability. Nano-emulsions
with a droplet size smaller than 100 nm (diameter) can be produced by precise
conditions of pressure, a specific number of steps in the high pressure homogenizer,
and the presence of a combination of surfactants and emulsifiers that is capable to
perform ideally under those conditions without degrading. Surfactants and natural
gums were used to produce nano-emulsions with small droplets of Persian lemon
oil, which has antimicrobial properties, with potential applications in the areas of
cosmetics, pharmaceuticals and the food industry. In this particular study mesquite
gum was used for the first time to maintain the kinetic stability of the Persian lemon
oil droplets.

With the results of the MIC characterization it was confirmed that the nano-
emulsions of Persian lemon oil developed under the method described in this
research have an antibacterial effect against Staphylococcus aureus and Escherichia
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coli. And although there is controversy about which components of the citric essen-
tial oils increase the antibacterial activity, our study suggest that aldehydes have an
important role for the antibacterial effect of Persian lemon oil nano-emulsions.

Considering the series of experiments described in this research and the study
of stability as a function of time it is clear that the Control Delta formulation
composed of Span 20 (1.45%), Tween 80 (4.9%) and mesquite gum (4.9%) was the
best. It was also shown that mesquite gum is superior to Arabic gum for the kinetic
stability as shown by the behavior of the nano-emulsion that replaces mesquite gum
with Arabic gum (Control 2). Indeed, when an excess of surfactant (Tween 80 and
Span 20) is used, it is possible to obtain a smaller droplet size as observed in other
control (Control 3 with excess Tween 80 and Span 20), but mesquite gum provides
additional steric stabilization that confers a better stability over time against coales-
cence. The sample that replaces mesquite gum with water (Control 4) confirms the
additional steric stability of mesquite gum.
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Abstract

Nanoemulsions, kinetically stable and thermodynamically unstable colloidal
liquid-in-liquid dispersions with droplet sizes in the order of 20-500 nm mainly con-
sist of oil, surfactants, co surfactants and an aqueous phase. There are various meth-
ods for the fabrication of Nano-emulsions which can be divided based on the energy
required—High energy emulsification methods and Low energy emulsification
methods. High energy emulsification includes methods like Ultra sonication, high
pressure homogenization using either microfluidizers or high-pressure homogeniz-
ers. Low energy emulsification has drawn attention since they are soft, nondestruc-
tive and cause no damage to encapsulated molecules and includes methods like phase
inversion temperature, solvent displacement, phase inversion composition method.
Nanoemulsions are best suited for drug delivery systems because of their lipophilic
nature, optical clarity and surface area. Owing to their nature to prevent flocculation
and inherent creaming, nanoemulsions find an important place in the cosmetic indus-
try also. This chapter provides an insight into the use of nanogels, emulsion based wet
wipes and PEG free nanoemulsions in cosmetics. In the food industry, nanoemulsions
are utilized for the production of functional foods. Some of the patented nanoemul-
sions and their commercial applications have also been mentioned.

Keywords: nanoemulsions, high pressure homogenization, ultrasonication,
phase inversion temperature, solvent displacement, phase inversion composition,
drug delivery, penetration pathways, cosmetics, nanogels, PEG free emulsions,
wet wipes, functional foods, patented nanoemulsions

1. Introduction

In this chapter we will be briefing about the emulsion and its types. We will also
be discussing in detail about nanoemulsions, its types, fabrication, application and
its properties.

1.1 Emulsion systems and its types

An emulsion system generally consists of two or more liquids that are immisci-
ble. They are a type of colloids, which are two-phase systems of matter. In emulsion
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systems, the two phases are dispersed and continuous. One liquid is dispersed (the
disperse phase) in the other (the continuous). The different types of emulsion
systems can include: oil-in-water (o/w), water-in-oil (w/o0), and oil-in-oil (o/o0) [1].
The oil-in-oil phase can be polar oil dispersed in non-polar oil, or vice versa. An
emulsifier is usually used to disperse immiscible liquids. The emulsifier also plays an
important role in the formation and long-term stability of the emulsions. Emulsions
can also be classified on the type of emulsifier or the structure of the system.
Emulsions being liquids do not have any static internal structure. The droplets are
assumed to be statistically distributed in the liquid matrix. According to IUPAC, in
emulsions the droplets can be amorphous, liquid-crystalline, or any mixture. The
droplet diameters in the dispersed phase range between 10 nm and 100 pm (which
may exceed the size limits for colloidal particles) [2]. Some common example of
emulsion systems are homogenized milk, some cutting fluids for metal working,
egg yolk is an emulsion with the emulsifying agent lecithin, butter is an emulsion
of water in fat, and an emulsion of silver halide in gelatin is used as a coating in the
photosensitive side of a photographic film [3].

Emulsion system can be classified based on their droplet size as macroemulsion,
nanoemulsion, and miniemulsion (Table1).

Emulsion systems find a wide range of applications in the field of food, cosmet-
ics, agriculture, pharmaceuticals (preparation of drugs and drug delivery).

1.2 Nanoemulsions

As the name suggests, the size of the droplets in this type of emulsion is in
nanometer ranges. They not only differ in size but also in the many properties and
method of preparation. The main difference between nanoemulsion and conven-
tional emulsion (macroemulsion) is the size and shape of the droplets in the contin-
uous phase. In macroemulsion, the shape is usually spherical but in nanoemulsions
a variety of shapes can be seen like swollen micelles and bicontinuous structures.
Though micro and nanoemulsions are similar in their sizes the method of prepara-
tion differs between them. Both of them require energy inputs, but nanoemulsions
mostly use mechanical shear while micro emulsions make use of spontaneous
emulsification methods. Microemulsions also need a high surfactant concentration
compared to nanoemulsions. The application of nanoemulsion in pharmaceutical,
food, cosmetic, and chemical industry is comparatively more than microemulsion
since moderate surfactant concentration is sufficient for their making [5].

Nanoemulsions are said to be kinetically stable and thermodynamically
unstable. Their stability can be altered by their preparation methods like adding
specific co-surfactants. They usually use high energy methods for their prepara-
tion but low energy based methods can also be used with the help of some special
conditions using certain chemical potential of the component [6]. Nanoemulsions
are said to be transparent, biodegradable, and biocompatible. Normal emulsions
usually undergo sedimentation by gravity, which is overcome by nanoemul-
sions. Nanoemulsions exhibit Ostwald ripening phenomenon. Due to this, small

Emulsion type Droplet size (pm)

Macroemulsion 1-100

Microemulsion 10-100

Nanoemulsion 20-500
Table 1.

Emulsion type and its droplet size [4].
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molecules collide and form large globules. To overcome this, co-surfactants are
added or second oil is added to the dispersion phase. Proper manufacturing
procedure also helps overcome Ostwald ripening [7]. Nanoemulsions provide a
wide surface area and so allow active components to penetrate easily and faster.
Another important characteristic of nanoemulsion is their transparent optical
property. This is mainly due to their size, which is one fourth of the wavelength
of visible light [8]. Nanoemulsions have the ability to solubilize both hydrophobic
and hydrophilic substances, and hence enhance their permeability and bioavail-
ability [9]. This makes them very useful as drug delivery systems for both the type
of drugs.

Nanoemulsions are also said to have tunable rheological properties. They are
tuned by controlling the dispersed phase volume, droplet size or the addition of
salt and depletion agents [4]. Hence nanoemulsions can be tuned from being a
free flowing fluid to a gel like substance [10]. Addition of polymers also tunes the
rheological properties. The polymers associate either with themselves or with the
nanoemulsions. A thermo reversible gel was made, where a polymer gelator (with
two hydrophobic end groups) was added. At temperatures greater than the gelling
temperature, the polymer’ two hydrophobic ends bridges with the nanoemulsion
droplets making them a gel. At lower temperature, they detach and hence return to
a transparent fluid like structure.

There are three types of nanoemulsion based on the composition:

* Oil in water: oil droplets are dispersed in continuous aqueous phase.
* Water in oil: water droplets are dispersed in continuous oil phase.

* Bi-continuous (double): micro domains of oil and water are interdispersed
within the system [11].

1.3 Current trends in nanoemulsions

As already mentioned, nanoemulsions are being used in a wide range of fields.
There is a lot of research and development work done in the field of nanoemulsions.
Many bioactive substances are present in natural available substances, emulsifica-
tion of these bioactive components is a trending research topic. In September 2018,
water compatible form of coconut oil through nano-emulsification was developed
[12]. The nanoemulsion was made successfully using PHC as a surfactant at a con-
centration of 5% {w/w}. Nanoemulsions have also found an important space in field
of pharmaceuticals. Many of the oral drugs synthesized do not have aqueous stabil-
ity almost insoluble) and have low bioavailability. A low energy method to make
composite hydrogel beads encapsulated with single and multiple hydrophobic drugs
was developed [13]. This makes nanoemulsions a promising carrier of hydrophobic
drugs. It was shown that nanoemulsions were used to enhance the antileishmanial
activity of Copaifera spp. oleoresins against both Leishmania amazonensis and
Leishmania infantum strains [14].

Recently a new technique for making Pickering nanoemulsions using Silica
nanoparticles was developed which is highly scalable and energy efficient.
Nanoemulsions are usually stabilized using surfactants. The use of surfactants has
some disadvantages which include surfactant desorption and Ostwald ripening.
Hence a new interest of making nanoparticle stabilized nanoemulsion (Pickering
nanoemulsions) has evolved. Nanoparticles have higher desorption energy barrier.
However, the limitation of nanoparticles as stabilizing agent was obtaining the size
in nano-range. In the traditional method to make Pickering emulsions (high energy
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and low energy methods, described in the next section) many steps were involved,
a single step method was developed using vapor condensation. Moreover the
traditional methods used in the preparation of Pickering nanoemulsions had some
disadvantages. High energy methods reduced the adsorption of the particles on the
droplets while, low energy methods were unable to produce Pickering nanoemul-
sions and clogging of nanoparticles was seen. The concentration of nanoparticles
required in the new methods was also less compared to that required in traditional
methods. In this process, oil was taken and cooled below the dew point, during
which the water condenses on the oil. If the oil has the right properties and suf-
ficient concentration of nanoparticles, then water drops self-disperse within the
oil. The nanoparticles then will self-assemble around them to form nanoemulsions
[15]. Nanoemulsions are studied in great detail due to their potential applications.
Improvements in their preparation methods and the fields in which they can be
used are the ongoing trends in nanoemulsions.

2. Fabrication

The fabrication of nanoemulsion involves the preparation of macroemulsions
and then it’s conversion to nanoemulsion by various methods, all of which can be
categorized into either Low energy or High energy methods [5, 16]. Techniques
which involve modification of factors responsible for the hydrophilic-lipophilic
balance come under Low energy methods and those that use mechanical devices to
break down the particles to small sizes are referred to as high energy methods. As
much as composition is responsible for the properties of the nanoemulsion so is the
technique used for its preparation. In this section a brief insight is given on a few
widely used methodologies.

2.1 High energy methods for emulsion formation

In contrast to the low energy methods for nanoemulsion formation, high
energy methods require the use of many devices which uses mechanical or
chemical energy as input to form small droplets because they are non-equilibrium
systems which cannot be formed spontaneously [17]. These devices often entail
a huge initial cost as well as expenses to maintain throughout use. The purpose
of these devices in high energy methods is to provide intense mechanical energy
that helps to break up macroscopic phases or turn larger droplets into smaller
droplets [18]. These devices provide forces so strong that it disrupt water and oil
phases to form nanoemulsions. In high energy methods, input energy density is
about 108-1000 W/kg. The required energy supplied is in very shortest duration
of time to the system in order to obtain homogeneous small sized particles. In
addition to this, the high energy methods for 55 nanoemulsion formation are not
limited by the types of oil and emulsifiers that can be used like the low energy
methods are. At present high energy methods are more frequently utilized in the
food industry than low energy methods with high pressure valve homogeniza-
tion, microfluidization, and sonication being the most common [19]. All this high
energy methods are impacted by emulsion component characteristics (i.e. oil,
type, surfactant type, surfactant concentration, viscosity, etc.) and equipment
characteristics (i.e. size of the equipment, pressure used, number of passes/time
in equipment, design, etc.). The input energy density is about 108-1010 W/kg
[20]. These parameters should be optimized for each and every system and high
energy method.
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2.1.1 High pressure valve homogenizer (HPVH)

HPVH is the most popular method used for the production of nanoemulsions.
The most common use is in applications from ketchup processing to milk homog-
enization and to manufacture nanoemulsions that particle sizes are up to 1 nm [18].
When using a HPVH, a coarse emulsion is initially made using a high-speed mixer,
fed into the input valve of the HPVH, and then flowed between the valve seat and
valve at a high velocity. The macroemulsion is forced to pass through a small orifice
at an operating pressure between 500 and 5000 Psi [18]. Since several forces like
hydraulic shear, intense turbulence and cavitation act together extremely small
droplet sized nanoemulsions are achieved. The process is repeated till the final
product reaches our desired droplet size and polydispersity index (PDI). Lower
the PDI means higher uniformity of droplet size in nanoemulsions. Mono-disperse
samples have PDI lesser than 0.08, narrow size distribution range is 0.08-0.3 and
PDI greater than 0.3 indicates broad size distribution [18].

With an increase in velocity, the pressure decreases causing an instantaneous
pressure drop and encouraging the coarse emulsion to impinge on the impact ring
[21]. Sometimes HPVH passes through two valves and thus emulsion production
will break up into two stages: in the first stage the droplets are broken up and in the
second stage a lower pressure is utilized to disrupt any ‘flocs’ formed by the initial
valve [22]. Obtaining submicron levels requires large amount of energy and high
temperature which can deteriorate the components. Thermolabile compounds like
proteins, enzymes and nucleic acids may be damaged easily [18] (Figure1).

[

disruption

Coarse
Emulsions

Figure 1.
Schematic vepresentation of high pressure valve homogenizer [18].

2.1.2 Sonication

Emulsions produced by sonication use ultrasonic homogenizers (UH) to provide
high intensity of ultrasonic waves to the sample. The frequency of the waves (29 kHz
or larger) is higher than the maximum audible frequency of human ear (16-18 kHz)
[17]. These waves provide around 56 disruptive forces to breakup oil and water
phases thus forming small droplets on the principle of cavitation. Input energy
comes from a sonicator probe which can be directly placed in the sample. There are
two mechanisms which take part in sonication [17]. Firstly, acoustic field creates
interfacial waves which makes oil phase to disperse in the continuous phase as
droplets. Secondly, ultrasound provokes acoustic cavitation which provides forma-
tion and collapse of microbubbles respectively since there is a pressure fluctuation
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Droplet

disruption

Figure 2.
Schematic representation of ultrasonic jet homogenizer [23].

of a single sound wave [23]. By this enormous levels of highly localized turbulence
is generated and it causes micro implosions which disrupt large droplets into
sub-micron size. Since most of the ultrasonic systems emits sound field which are
inhomogeneous, so in order to have droplets to experience highest shear rate, recir-
culation of the emulsion through the region of high power must be provided and on
repeating recirculation we obtain uniform droplet size at dilute concentration [18].

Presently sonication has been well established for the laboratory scale but it
may be difficult to implement on a production scale because of issues like low
throughput. Optimization of parameters (like emulsifier type, amount emulsifier
and viscosity of phases) is necessary to prepare nanoemulsions having fine droplets
[18]. Even, the high local intensity provided by sonication could lead to detrimental
quality effects by way of protein denaturation, polysaccharide polymerization or
lipid oxidation of the emulsion components [23] (Figure 2).

2.1.3 Microfluidization

Microfluidization is the most widely employed and novel technique in the
pharmaceutical and cosmetic industry in order to acquire fine emulsions [18].
High pressure is provided by device called Microfluidizers (MF). Initially a
coarse emulsion is made using a high speed mixer which is then fed into the
hood and accelerated at high velocities within the channels using a pumping
device and the macroemulsion to go through the interaction chamber by the
high pressure forces and thus nanoemulsions with submicron ranged particles
are produced [17]. The channels are made to collide into each other within the
interaction chamber [21]. Uniform nanoemulsion can be produced by repeating
the process many times and vary the operating pressure to get desired particle
size [18].

The main parts of a MF include a fluid inlet (where the coarse emulsion is fed), a
pumping device (to help move the emulsion through), and the interaction chamber
or nozzle (where the particle collision occurs) [22]. A collision between crude emul-
sion jets from two opposite channels in the nozzle of microfluidizers is observed. The
mobility of crude emulsion is supplied by a pneumatically powered pump that has
capability of compressing air up to pressures between 150 and 650 MPa [18]. This
high pressure forces the crude emulsion stream to go through microchannels and after
the collision of two opposite channels enormous level of shearing force is produced.
Hence, by the help of this force fine emulsions are produced [23] (Figure 3).
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Figure 3.
Schematic vepresentation of micvofluidizer [23].

2.2 Low energy methods

Requiring no expensive equipment, easier implementation and better efficiency in
terms of energy are the reasons for the growing interest in low energy methods
[16, 17, 24, 25]. Moreover, encapsulation of drugs and macromolecules can be carried out
due to mild operating temperatures. The necessity for higher amounts of surfactants may
be a downside [17]. The whole concept of low energy synthesis has its roots in modifica-
tion of factors responsible for the hydrophilic-lipophilic balance of the surfactant-
oil-water mixture [26]. These include environmental factors like temperature, composi-
tion and the chemical potential of the components. Spontaneous Emulsification (SE)
and Phase Inversion are two commonly implemented synthesis [17, 24].

2.2.1 Spontaneous emulsification

An emulsion can be fabricated by diluting a biphasic system leading to diffusion
of one phase to another. This is usually done by adding the organic phase into the
aqueous phase and then a surfactant which is water miscible. The migration of the
surfactant causes disorder at the interface of the two phases leading to an increase in
the surface area along with the formation of oil droplets in the aqueous phase [16].

To obtain nanoemulsions, the same dilution process is performed on microemul-
sions. The properties of the nanoemulsion depend on the oil viscosity, surfactant
hydrophilic-lipophilic balance and solvent miscibility with water. With the help of
an appropriate dilution procedure and composition, both W/O and O/W micro-
emulsions can be used to obtain nanoemulsion. While obtaining it from O/W
microemulsion the composition of microemulsion and the procedure of dilution
does not matter, whereas while starting with W/O microemulsion the dilution
procedure and /or the composition of microemulsion matters. O/W and W/O
nanoemulsions can be formed even without a surfactant, this is called the Ouzo
effect also known as Solvent displacement method [24, 27, 28]. This phenomenon
has mainly been used for fabricating polymeric nanoparticles or nanocapsules using
nanoemulsion as a template in drug delivery [25].

2.2.2 Phase inversion

As addressed earlier, there are different types of Nanoemulsions, either oil in
water (O/W) or water in oil (W/O). Phase inversion, as the name suggests, is a
fabrication method that involves conversion of O/W to W/O emulsion or vice versa.
It utilizes the energy released during this conversion for the formation of droplets.
This physical process can be brought about by varying the temperature or phase
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volume ratio, giving rise to phase inversion temperature (PIT) method and phase
inversion composition (PIC) method [29].

In these emulsification methods it is very important to know the behavior of the
surfactant as it plays a significant role in minimizing both droplet size and polydis-
persity of the nanoemulsion formed. Its properties also depend on the kinetics of
the emulsification process, especially if they have high viscosity [27].

2.2.2.1 Phase inversion temperature

The Phase inversion temperature (PIT) method is used when the surfactants are
sensitive to changes in temperature. The principle of this method is based on the
changes in surfactant spontaneous curvature (molecular geometry) with temperature.
For example, in poly(oxyethylene)-type non-ionic surfactant, increase in temperature
causes dehydration of the poly(oxyethylene) chains whereas at low temperature these
chains are hydrated and hence are hydrophilic in nature. At one temperature the sur-
factant exhibits both hydrophilic and lipophilic properties, this temperature is known
as HLB temperature (Hydrophilic-Lipophilic Balance) [17, 27]. So, at this temperature
the surfactant is equally soluble in the oil and aqueous phase [16, 17].

Using PIT very small sizes of droplets can be obtained. At the HLB temperature
due to the low interfacial tension the surfactant forms a layer but as soon as the
temperature is changed by quick cooling or heating, the surfactant molecules move
from one phase into another resulting in the formation of small oil droplets. The
movement of the surfactant molecules depends on its hydrophilicity or lipophilicity
of its chain which in turn depends on temperature [16, 17] (Figure 4).

S |

W/O Emulsion Bi-continuous Microemulsion O/W Emulsion

Heating 4mmmmm  HLB Temperature ) Cooling

Figure 4.
Shows the curvature of surfactant and the favorable emulsion formed by heating and cooling [16].

2.2.2.2 Phase inversion composition

Phase inversion composition is performed when the surfactant properties
changes due to dilution of one of the phases. It involves dilution of oil phase with
water or vice versa which causes an increase or decrease in hydration degree of
surfactant. In phase inversion composition, phase transition takes place at constant
temperature. At one point in the dilution process the affinity of the surfactant
becomes equal for both the phases that is it exhibits both hydrophilic and lipo-
philic properties. This point is known as the emulsion inversion point [4]. At this
stage a layer of microemulsions is formed. A slight change in the proportion of
oil and water causes instability of the microemulsion layer which disintegrates to
form nanoemulsion that are kinetically stable. It was found out that with further
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Figures.
Shows the process of phase inversion by dilution with aqueous phase [4].

dilution the droplet size does not change [28]. The properties of the nanoemulsion
obtained depends on conditions such as shear rate and the addition rate [30]. Heat
sensitive compounds can be encapsulated by using this fabrication method for
nanoemulsions.

To obtain an O/W nanoemulsion, initially a W/O microemulsion (consisting of
surfactant) is required to which aqueous phase is added in a controlled manner. The
resulting system is stirred for breakdown of the residues and for homogeneity [24].
This process is depicted in Figure 5.

3. Applications of nanoemulsions
3.1 Drug delivery

A great attention is given towards the use of nanoemulsions in research, dosage
form design and pharmacotherapy owing to their optical clarity, ease of prepara-
tion, thermodynamic stability and increased surface area. Some of the problems
associated with conventional drug delivery systems such as low bioavailability
and noncompliance which can be overcome by nanoemulsions are discussed here
(Figure 6).

3.1.1 Paventeral delivery

It is the most effective form of drug delivery system usually adopted for active
ingredients with low bioavailability and narrow therapeutic index. Here the thera-
peutic peptides or drugs prepared in the form of solutions or suspensions, are given
as injections. Intravenous, intramuscular and subcutaneous drug delivery systems
are the most commonly used parenteral routes.

Dissolution of enormous amounts of hydrophobic compounds coupled with
mutual compatibility and ability to safeguard drugs from hydrolysis and enzymatic
degradation make nanoemulsions ideal vehicles for parenteral transport [32].
Nanoemulsions help in sustained and controlled drug delivery through parenteral
routes. Since nano emulsions are cleared more slowly (more residence time) than
the coarse particles, they are advantageous over macroemulsion systems when
delivered parenterally [33].

Nanoemulsions loaded with thalidomide have been synthesized. A dose as low
as 25 mg leads to plasma concentrations which can be therapeutic when delivered
through this system [34].

73



Nanoemulsions - Properties, Fabrications and Applications

Parenteral
Delivery
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Figure 6.
Applications of nanoemulsions in drug delivery [31].

3.1.2 Oral and topical drug delivery systems

Owing to patient compliance, convenience, ease of formulation and higher
absorption in the intestine, oral drug delivery is the most widely distributed and
preferred form of drug administration.

When compared to conventional oral formulations, nano emulsion formulations
provide several benefits in oral drug administration. Some of these benefits include
increased absorption, improved clinical potency and decreased drug toxicity [33].
Hence, drugs such as steroids, hormones, diuretics and antibiotics can be ideally
delivered using nano emulsions.

Topical drug delivery also has several advantages over other modes of drug
administration such as the avoidance of hepatic first pass metabolism, reduction of
toxicity and targeted drug delivery to the affected portion of the skin. Here self-
administration is also possible. The transparent nature and fluidity of nanoemul-
sions not only gives a pleasant skin feel but also helps in eliminating the drug input
by just removing the transdermal patch without any irritation [32].

Owing to the large surface area of the droplets, nanoemulsions enable rapid
penetration of active ingredients through the skin. This is one of the most valuable
properties of nanoemulsions due to which the use of special penetration enhancers
which cause incompatibility of the formulation can be minimized [33].

3.1.3 Ocular and pulmonary drug delivery

For the treatment of eye diseases, drugs are delivered topically in ocular dos-
age forms such as solutions, suspensions and ointments. Due to physiologically
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protective mechanisms such as tear dilution, lacrimal drainage, protein binding

and enzymatic degradation which are activated as soon as the ophthalmic solutions
of the drug are applied, typically less than 3% of these topically applied drugs
permeate the corneal epithelium, reach the aqueous humor and finally enter the
systemic circulation. O/W Nanoemulsions (Oil in Water nano emulsions) have been
researched for ocular administration to dissolve poorly soluble drugs, to increase
absorption and also to attain prolong release profile [33].

Cationic submicron emulsions are promising carriers for DNA vaccines to the
lung since they are able to transfect pulmonary epithelial cells thereby inducing
cross priming of antigen-presenting cells and directly activate dendritic cells,
resulting in stimulation of antigen-specific T-cells [35].

There might be adverse side effects of oils and surfactants on the alveoli of lungs.
Hence extensive studies are required for the development of successful inhalable
submicron emulsions for pulmonary delivery [32].

3.2 Nanoemulsions in biotechnology

Nanoemulsions serve as a waterproof medium for bio-catalytic or enzymatic
reactions to occur. The enzymes in low water content exhibit greater solubility in
non-polar reactants and higher thermal stability. As a result, the thermodynamic
equilibrium also shifts towards condensation [36].

Reactions such as synthesis of esters, peptides and sugar acetals transesterifica-
tion, hydrolysis and steroid transformation are catalyzed by enzymes in nano-
emulsions. Lipases are the most widely used class of enzymes in microemulsion-based
reactions [33].

3.3 Nanoemulsions as non-toxic disinfectant cleaners

The non-toxic disinfectant cleaner developed by Enviro Systems Inc. has wide
applications in commercial markets such as healthcare, hospitality, travel, food
processing, and military. This product which kills a wide spectrum of bacteria,
virus and fungi in 5-10 minutes without any hazards needs no warning labels.
This can be absorbed through the skin, inhaled or swallowed without causing any
irritation to the eyes and does not cause any harmful effects [33]. One such NE is
Parachlorometaxylenol (PCMX) marketed as EcoTru [36].

3.4 Nanoemulsions in the food sector

Lipophilic compounds such as flavors, omega3fatty acids, vitamins, nutraceu-
ticals and preservatives can be encapsulated, stabilized and delivered using nano-
emulsions. This is one of the emerging fields in the food industry [37]. Research is
mainly focused on nanoemulsion technology that is suited for functional foods.
3.4.1 Encapsulation of lipophilic components using nano-emulsions

Encapsulation is a useful technique to deliver bioactive molecules within living
cells. Here, the bioactive ingredient is entrapped in a core or filled within a carrier
(coating, matrix, membrane, capsule, or shell) [38].

This technology is used in food industry to:

* Mask the unpleasant taste or odor of some bioactive materials.

* Increase the bioavailability of some components.
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* Improve stability of food ingredients.
* Decrease air-induced food degradation.
* Reduce Evaporation of food aroma.

Another important application of this technique that is worth mentioning is in
probiotics [38]. (Probiotics are the microorganisms that provide health benefits
when consumed in adequate amounts) (Figure 7).

Biologically active lipids such as omega-3 fatty acids can be encapsulated by
nano-emulsions from food grade ingredients. Omega-3 fatty acid supplementation
has a protective effect against cancer, cardiac death, sudden death, cognitive aging,
asthma, inflammation and myocardial infarction [38]. a-Linolenic acid (ALA), an
Omega-3 fatty acid, is one of two essential fatty acids together with linoleic acid.
ALA is necessary for health and cannot be synthesized within the human body [38].
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Figure?7.
Applications of nano-emulsion based delivery systems in food industry [38].

3.5 Nanoemulsions in cosmetics

What are cosmetics? ‘Personal Care Products’ or ‘Beauty Products’ such as skin
creams, lotions, perfumes, lipsticks, fingernail polishes, eye and face make-up products,
hair dyes and deodorants which are used by people to cleanse or change the look of the
face or body are cosmetics. They do not alter the body’s structure and function. Cosmetics
are superficial and can also be therapeutic.

Nanoemulsions are potential vehicles for optimum dispersion of active ingre-
dients and their controlled delivery in particular skin layers. Their lipophilic
interior makes them more suitable for the transport of lipophilic substances when
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compared to liposomes. Small sized droplets and high surface area of nano-emul-
sions contribute greatly in inhibiting inherent creaming, flocculation, sedimenta-
tion and coalescence which are frequently observed in macroemulsions [33]. They
have gained popularity in cosmetics due to ease of permeability and penetration
into the skin owing to their small size and high surface area, solubility, transpar-
ency and color.

Advantages of using Nanoemulsions in cosmetics

* Asmentioned earlier, nano-emulsions help to overcome problems such as
inherent creaming, flocculation, coalescence, and sedimentation.

* Relatively less surfactants (5-10%) [39] are used for nano-emulsion formula-
tion (approved for human use) making them non-toxic and non-irritant.
Hence, they can be easily applied onto the skin and mucous membranes [40].

* Healthy human and animal cells are not damaged by nano-emulsions. Asa
result, they are best suited for human and veterinary therapeutic purposes [40].

* Nano-emulsions can also be easily formulated in the form of foams, cream,

liquids, sprays.

* Significant improvement in dry hair aspect (after several shampoos) is
obtained with a prolonged effect after a cationic nanoemulsion use [39].

Oil in water nanoemulsions, due to their lipophilic interior have numerous
applications in cosmetics such as formulation of lotions, sunscreens and skin
creams, hair care products and make up removal substances. Other extremely
important and fast growing applications include Emulsion based wet wipes and
PEG (Polyethylene glycol) free nanoemulsions [40].

3.5.1 PEG free nanoemulsions and emulsion based wet wipes

The recent trends are shifting towards highly effective safer and natural
cosmetic products. Cosmetic manufacturers are developing new methods to
prepare nano versions of formulations for better permeability, effectiveness and
increased customer satisfaction. This new technology is based on manufacturing
low viscosity oil in water nanoemulsions which are free of synthetic chemicals
like PEG. The phase inversion method of fabricating nanoemulsions leads to
an important application in the cosmetic industry -formulating lotions to be
impregnated in wet wipes. These are primarily used for make-up removal and
wet wipes [11].

Industries are working on developing low energy methods coupled with low
input homogenizers and absence of PEG, energy input for heating/cooling steps to
formulate natural products [11]. The main constituents of this formulation are PEG
free emulsifiers, cosmetic oils in high amounts and co-surfactants. When water is
added to such a liquid and clear oil phase, a temporary micro-emulsion is formed
which is then converted to stable, low-viscosity nanoemulsion. This low viscous
phase is beneficial as it helps in converting the emulsion from water in oil to oil in
water nanoemulsion. This step being dependent on water concentration is termed
as phase inversion concentration which occurs by elimination of the co-surfactant
into water. Some of these products developed are TEGO Wipe DE and TEGO Wipe
DE PF which are based on nanoemulsions impregnated in wet-wipes and also used
for lotions and sprays [41, 42].
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3.5.1.1 Skin as a barrier and penetration pathways through the skin

The human body is protected from external harm such as chemical and
micro-organism intrusion, UV exposure, dryness and mechanical damage by a
natural barrier, the skin.

Hence the multi-layered skin serves as the first line of body defense. The
external and internal layers of the skin mainly include the stratum corneum
(composed of dead keratinized cells) and below the stratum corneum are the
epidermis, dermis and the subcutaneous tissue. The excellent barrier properties of
the skin are due to the presence of lipid matrix (containing ceramides, fatty acids,
cholesterol and cholesteryl esters) among the keratinized cells which has cement
like property [28].

When a drug or an active ingredient is topically applied on the skin surface,
there theoretically three different ways through which the drug/active ingredient
can penetrate through the skin. These are known as ‘The Penetration Pathways’ The
penetration pathways are:

* The intercellular pathway
* The hair follicle pathway
¢ The transcellular pathway

The intercellular pathway: This is the most widely known pathway. In this
pathway, diffusion of the active ingredient occurs through the stratum corneum via
the lipid layers surrounding the corneocytes.

The hair follicle pathway: The hair follicles are surrounded by a dense network
of blood capillaries which support efficient penetration. These serve as reservoir for
the topically applied active compound.

The transcellular pathway: This is the less understood pathway. Here the drugs
are directly transported through the lipid layers and corneocytes to the living cells
(Figure 8).

Stratum corneum

Epidurmis

Figure 8.
Penetration pathways of the active ingredient through the skin. (1) Represents the intercellular pathway, (2)
represents the hair follicle pathway and (3) represents the transcellular pathway [28].
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3.5.2 Nanogels

While nanoemulsions are an efficient vehicle for transferring and administering
topical drugs into the body, they have some limitations. These are low viscosity,
spreadability constraints due to skin as a barrier and rheological properties.

To overcome these problems associated with nanoemulsions, a hydrophilic gell-
ing system was integrated with nanoemulsions to increase the efficiency of trans-
dermal drug delivery. These integrated systems are termed as nano emulgels [43].

Nanoemulgel are usually three-dimensional, spherical gels composed of a
cross-linked network of polymeric (natural or synthetic substances) [44]. They
are highly preferred over other nanomaterials for drug delivery due to their unique
and advantageous features. The most important ones being biocompatibility,
stimuli-response behavior softness, their ability to swell up to achieve a controlled,
triggered response at the target site. They also protect the guest moleculesi.e., the
molecules they are carrying from degradation and elimination.

The versatility of their architecture allows for incorporation of a plethora of
guest molecules ranging from inorganic nanoparticles to biomacromolecules like
proteins and DNA with suitable modifications of the materials used for their con-
struction without compromising their gel behavior. This multi-functionality and
stability is hard to find in other types of nanoparticulate systems [43, 45, 46].

Nanogel properties can be used in various fields to achieve biomedical
applications.

Stimuli response behavior: This involves the response of the nanogels to the exter-
nal environment in the body such as pH, temperature, redox reactions, enzyme con-
centration etc. It employs the unique ability of the gel network to swell and unwell
for this purpose. The nanogels can be composed of different materials depending
on the type of response to be initiated. The deswelling and swelling occurs in the
presence of changes in pH and concentration of the surrounding environment. For
example, a gel network made of polysaccharide functionalized with PBA (amino-
phenyl boronic acid) is used to detect the fluctuations in glucose concentration,
pH, concentration of the cationic and anionic groups bound to the gel and the PBA
grafted to the gel which induces the release insulin by deswelling [44].

Another very important feature is protecting the cargo molecules from degrada-
tion and elimination and early clearance carrying small molecules for drug delivery
by retaining them within the gel via hydrogen-bonding and hydrophobic interactions.
Cationic gel polymers are also useful in carrying molecules of opposite charges such as
oligonucleotides, proteins, RNA molecules or a combination of them to achieve multi-
target drug delivery. This has been proven to be useful for cancer treatment in animals.

These hydrogels show immense amount of versatility, biocompatibility and fluid
like transport properties which make them ideal carriers for imaging probes and
scanning techniques such as optical imaging and multi-modal scanning [46]. It is
also useful for anti-aging, skin care and moisturizing creams [31].

4, Conclusions

Nanoemulsions are a relatively new class of dispersions which have gained
popularity due to their high efficiency in delivery. There have been a lot of efforts
and research to develop the preparation methods of nanoemulsions. This emerging
component of nanotechnology has become an irreplaceable part and parcel of the
cosmetic and pharmaceutical industries. Further research and development in this
field can prove to be very crucial for these industries. Nanoemulsions have a huge
potential to change the approaches to many fields as discussed in this chapter and
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it can also play much more important roles in the future due to its uniqueness and
increasing research in its field.

5. Future scope

The market for nanoemulsions is expected to grow at the rate of 8.8% between
the years 2018 and 2023 [47] The growth is expected to be driven by the increas-
ing demand for the treatment of chronic diseases and vaccine development.
Nanoemulsions have huge potential to improve the efficacy of cancer immuno-
therapy by multiple folds. The major hindrance to the growth is the expensive
manufacturing methods and scaling up with cost effectiveness. The technological
innovation and scaling opportunities is expected to decrease the cost of production.
Due to its unique properties, nanoemulsions can also become an active component
in the chemical, agricultural and engineering fields. Nanoemulsions can also find an
application as drug delivery platforms to noval phytopharmaceuticals given the new
interest in herbal drug formulations in the world [32].
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Chapter 6

Importance of Surface Energy
in Nanoemulsion

Kaustav Bhattacharjee

Abstract

The emerging prospects of nanoscience and nanotechnology have an enormous
promise to revolutionize various aspects of human life. In this context, the applica-
tion of nanoemulsion stands at the vanguard of introducing newer dimensions to
the way we see the everyday world. Naturally, the preparation and stability of
nanoemulsion demand a precise understanding of the underlying forces of interac-
tion toward achieving a greater control over their functionality and regulating
them. The stability of nanoemulsion is primarily governed by the conjugate and
complex interplay of van der Waals forces and steric interactions. The present
chapter will be dedicated to the discussion of the regulatory roles of these forces
in dictating the stability of nanoemulsion with particular emphasis on the origin
of these fundamental forces from a molecular-level viewpoint.

Keywords: surface tension, curvature, Ostwald ripening, steric stabilization

1. Introduction

An emulsion is a special form of colloid where one liquid (dispersed phase) is
uniformly distributed in another liquid (dispersion matrix) [1, 2]. Minute droplets
of dispersed phase which is otherwise immiscible in the dispersion medium form
a statistically distributed system encapsulated within the matrix having a boundary
between the phases, called the “interface.” Oil (O), water (W) and surfactants (S)
are the three key components of the emulsion. Depending on the order of prepara-
tion, it can be water in oil (W/O), oil in water (O/W), water in oil in water
(W/O/W), or oil in water in oil (O/W/O) [1]. In view of the interest of the present
discussion, we will focus only on O/W emulsion throughout the chapter. O/W
emulsion consists of small globular compartments composed of oil (lipophilic) and
surfactant which can be conveniently dispersed in water.

Such system has a great deal of research interest in the field of food, pharma-
ceutical, agrochemical and other industries with certain benefits ([3-5] and refer-
ences therein). First, they usually have improved stability to particle aggregation
and eventual sedimentation. Second, by virtue of the appropriate small size of the
droplets, they only weakly scatter light wave and therefore are advantageous for
adding values into the products that need to be optically transparent (or only
slightly turbid). Third, they can be tailor made to have novel rheological properties.
Fourth, they have a much higher bioavailability of specific types of bioactive
molecules contained within the dispersed phase.

Due to the fact that the environment of a molecule at an interface is different
than those of the bulk phase, an interface is always associated with surface free

87 IntechOpen



Nanoemulsions - Properties, Fabrications and Applications

energy. The free energy per unit area, measured in terms of the surface tension
(v), is the minimum amount of work required to create a new area of that interface
[6]. Minimization of the interfacial contact area is therefore a spontaneous
process. A surface-active agent (or surfactant) is a substance which at low concen-
tration can adsorb at the interface, thereby reducing the amount of work required to
expand it [7, 8]. In general, surfactants are amphiphilic molecules which reduce
the interfacial surface tension due to their dual chemical nature and strong ten-
dency to self-assemble above a certain concentration (precisely a narrow concen-
tration range) at a given temperature, known as the critical micellar concentration
(CMC). There are two most common types of emulsion classified in the literature
based on their stability and structural components, namely, microemulsion and
nanoemulsion [3]. Both types have droplet radius in the range of sub-100 nanome-
ters. Despite several dissimilarities between these two kinds, it has been unfortu-
nate that there has been a great confusion and widespread errors in their usage in
the scientific literature. The confusion comes from the prefixes used to denote
them. As the terms “micro-” (10~®) and “nano-” (10~°) suggest, it is assumed that
nanoemulsions contain droplets that are smaller than microemulsion. In practice,
the opposite is often found; indeed, there has also been much disagreement about
the critical droplet size to distinguish between the two. A clear distinction between
these two types of liquid-in-liquid dispersion has been made in two recent studies
[3, 4], and the interested readers are suggested to go through the references.
However, a brief clarification is given in the present chapter.
A free energy diagram for the two systems is schematically shown in Figure 1.
An O/W-type microemulsion is a thermodynamically stable isotropic dispersion of
oil and surfactant in water. Nevertheless, it is strongly affected and even broken
up by modulations in thermodynamic variables, such as temperature, composition,
pH, etc. Microemulsions are formed spontaneously (without the need of an
external agency) when surfactants are added to the oil-water mixture [3, 4]. The
non-polar tails of surfactant molecules self-assemble to form a hydrophobic core
where oil molecules can be stored and separated from the thermodynamically
unfavorable aqueous phase of the surroundings. The final structure of such
microenvironment may result in a spherelike (micelle or reverse micelle),
cylinder-like (rod micelle), plane-like (lamellar micelle) or sponge-like
(bicontinuous) shape.
On the other hand, an O/W-type nanoemulsion is a thermodynamically unstable
isotropic dispersion of oil and surfactant in water [3, 4]. In principle, nanoemulsion
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Figure 1.
Schematic diagram of the free energy of (a) nanoemulsion and (b) microemulsion system in compavison to their
respective reference states. The two states are sepavated by an activation energy AG™.
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can be fabricated without addition of any surfactant molecule only by physical
methods that involve energy input. However, such a system would be highly
unstable with respect to droplet coalescence (merging of two droplets) and phase
segregation. Therefore, surfactant is needed to ensure the kinetic stability of
nanoemulsion during prolonged storage [8]. Nevertheless, under certain circum-
stances surfactant may impart negative effect on nanoemulsion stability, because of
their ability to enhance the mass transfer processes which can cause significant
change in droplet concentration, composition and size distribution [8]. The mass
transport process is typically driven by differences in chemical potentials for the
solutes in each microenvironment, and as a consequence, droplets tend to merge
and transport the dissolved matter through the dispersion medium, by a process
known as “Ostwald ripening.” Another essential difference between micro- and
nanoemulsion that is often neglected in the literature is the influence of the order in
which different compounds are mixed together during preparation [3]. This point is
particularly important for nanoemulsion. Nanoemulsions are only formed if the
surfactants are first mixed with the oil phase and then the surfactant-oil mixture is
added to the aqueous phase. If it is not followed, only a “macroscopic” emulsion
will be generated. Microemulsion, on the contrary, will be strictly identical what-
ever the order in which the components are mixed (after equilibrium time).

The major advantages and disadvantages of nanoemulsion over microemulsion
for the specific application purpose are summarized below [3, 4].

1.1 Advantages

(1) Due to their smaller droplet size, reduction under gravitational pull can
be avoided in large extent, and, therefore, nanoemulsion never shows creaming
and sedimentation problems, while these problems are quite common with
conventional emulsion or even with microemulsion. With proper stabilization
forces, nanoemulsions can be stored for a longer period than microemulsion.
(2) Nanoemulsions are very suitable for rapid penetration of active ingredients
(pharmaceuticals and/or food) due to their smaller size and large surface area.
(3) Unlike microemulsion which requires high surfactant concentration (20%
or higher), nanoemulsion can be formed using reasonably low surfactant
concentration (5-10%).

1.2 Disadvantages

(1) Fabrication of nanoemulsion in many cases demands special and expensive
instrumentation (high-pressure homogenizers or ultrasonics, microfluidizer, etc.),
technique as well as higher concentration of surfactants. (2) The lacuna in the
understanding of various fundamental issues associated with nanoemulsion
strongly restricts its acceptability and applicability. Knowledge of proper interfacial
chemistry, mechanism of Ostwald ripening and ingredients to overcome it are
the key issues that need to be taken care of for the superior acceptability and
applicability of nanoemulsion.

2. Thermodynamics and kinetics of nanoemulsion
2.1 Free energy diagram
The thermodynamic stability of a particular system is governed by the change in

free energy between it and an appropriate reference state. Nanoemulsion is ther-
modynamically unstable, which means that the free energy of nanoemulsion is
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higher than the free energy of the separate phases (oil and water). For microemulsion,

this condition is opposite. To understand the molecular basis of the free energy

difference, let us consider that a system (nano-/microemulsion) exists in equilibrium

between the initial and final states. The free energy change associated with the

formation of the dispersion consists of an interfacial free energy term (AG;) and a

configuration entropy term (—TAS ,5,) [9]:
AGformation =AGr — TASconfig-

The free energy to increase the contact area (AA) at the interface is AG; = yAA,
which is always positive; consequently, this term always opposes the formation of
the dispersions. However, the interfacial tension (y) depends on the curvature of
the surfactant layer-decreasing as the curvature approaches to its optimum value. A
phenomenological description of the dependence of interfacial tension on droplet
curvature can be formulated as [10-12]:

Ry —R)?
=70+ (e +ro)(R%+R2,

where y, and y are, respectively, the interfacial tension values at the planar O/W
interface and when the surfactant layer reaches its optimum curvature. Ry is the
droplet radius at the optimum curvature.

On the other hand, configuration entropy (AS,,f,) which depends on the num-
ber of arrangements accessible to the oil phase in an emulsified state is much greater
than that in a non-emulsified state, and therefore it always favors the formation of
the dispersion. An expression for the AS,,,f;, can be derived from the statistical
analysis [9]:

k
ASuonfig = — % (¢lng + (1— ¢)In (1)),

where k is the Boltzmann constant, 7 is the number of droplets and ¢ is the
disperse-phase volume fraction.

The plot for the different free energies with droplet radius assuming that
the interfacial tension is the same as that for planer O/W interface is shown in
Figure 2(a) [3]. It can be observed from the figure that the interfacial free energy
contribution increases (hence unfavorable) with decrease in droplet size (increase
in interfacial area), while the configuration of free energy becomes progressively
negative (hence favorable) with decrease in droplet size (increase in number of
different ways that droplet can be organized). The total free energy, however,
becomes increasingly positive with decrease in droplet size, since the interfacial free
energy term dominates the configuration entropy term.

This implies that the formation of nanoemulsion becomes increasingly thermo-
dynamically unfavorable as the radius of the droplets fall and where the interfacial
tension is similar to that at a planar surface. Interestingly, if the calculation were
performed assuming the dependence of the interfacial tension on the curvature, the
situation becomes more complex [3]. As shown in Figure 2(b), with decrease in
droplet radius from say, 1000 nm, there is an increase in interfacial free energy. But
once the droplet becomes smaller below a certain radius, the interfacial free
energy decreases and reaches a minimum value, before rising again with further
decrease in radius. The interfacial free energy contribution still is the dominant
factor, forcing the total free energy to attain a minimum value that is close to the
optimum curvature of surfactant layer. Thus, under this consideration, one
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Figure 2.
Predicted variation of free energy change with droplet vadius for the formation of emulsion state assuming
(a) constant interfacial tension and (b) varying interfacial tension with curvature. Taken from Reference [3].

can assume that thermodynamically stable dispersion can be achieved when droplet
radius is close to the optimum (R = Ry) and hence the interfacial free energy that
otherwise opposes the emulsification can be appreciably reduced.

2.2 Kinetic picture

Kinetic stability, as to be contrasted with the thermodynamic stability, is
determined by two important factors [3]: (1) Energy barriers: any energy barrier
(or activation energy) that separates the two states (final and initial) will
determine the rate of the conversion of one state to another. The height of this
energy barrier depends on the forces operating in close proximity of two droplets,
such as repulsive hydrodynamic and colloidal (steric and electrostatic) interac-
tions [13]. Nanoemulsion can be made kinetically stable by introducing sufficiently
large energy barrier (typically >20 kT) between the two states, while for
microemulsion, there is still an activation energy required (in terms of mechanical
agitation or heating the system) to reach the thermodynamically stable state after
the components are brought into contact. (2) Mass transport phenomena: droplets
in a nanoemulsion are particularly labile toward the growth over time by a
process known as “Ostwald ripening” [8], in which solute molecules (or mass) are
exchanged between the droplets via molecular diffusion through the solvent. Three
alternative mechanisms have been proposed in the literature suggestive of that
micelle which plays an important role in facilitating the mass exchange between
the droplets by acting as carriers of oil molecules [8]. In mechanism one, oil
molecules are transferred via direct micelle collisions, i.e., the rate is directly
proportional to the volume fraction of micelle in solution. Numerous studies indi-
cate a higher rate of mass transport above the CMC of the surfactant used. The lack
of such CMC dependence for ionic surfactants however, may stem from the electro-
static repulsion between the droplet and micelle. In mechanism two, oil molecules
exit the droplet, are exposed to the continuous phase and are soon captured by
micelles in the immediate vicinity of the droplet. For non-ionic surfactant micelles,
the higher rate of mass transfer is expected due to their higher solubilization capac-
ity and the absence of electrostatic repulsion between the droplet and uncharged
micelle. In mechanism three, a large number of oil molecules are released
from the oil droplets collectively with excess of surfactant molecules to form
a new micelle.
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3. Formation of oil in water droplets from geometric and force balanced
point of view

3.1 Role of surfactant in geometrical packing

We have already defined, in a limited sense, the word “surfactant” as an amphi-
philic molecule which has the capacity to self-organize above a critical concentra-
tion. The process of self-assembly is dynamic in nature [13]. For those whose
molecules at the air (or oil)-water interface are in exchange equilibrium with bulk
solution are called soluble monolayer with a typical residence time on the order of
10" s. On the other hand, for those whose molecules are in less dynamic situation
at the monolayer when the interface is expanded or compressed are called insoluble
monolayer, and the time taken for such molecular exchange can vary typically
from seconds to months (Figure 3).

The self-assembly of amphiphiles strongly depends on the two key surface
forces that act at the interface: the “hydrophobic attraction” between the surfactant
tails which induces the association of the molecules and the “hydrophilic repulsion”
between the surfactant heads which helps them to remain in contact with water
[13]. Though the selection of emulsifier in the preparation of either O/W or W/O
nanoemulsions is still made on an empirical basis, however, a semiempirical scale is
defined based on the relative percentage of hydrophilic to lipophilic groups in the
surfactant molecules, known as hydrophilic-lipophilic balance (HLB number) [14],
the HLB number is deduced from the preferential solubility of the surfactant in oil
or water and HLB number can vary from 0 (very soluble in oil) to 20 (very soluble
in water). Griffin postulated a simple equation to calculate the HLB number for
non-ionic surfactant such as fatty acid ester [14], HLB = 20 — (1 — %) , Wwhere S is
the saponification number and A is the acid number (Figure 4). Davies developed
a method for calculating the HLB number for surfactants irrespective of their
chemical nature, using empirically determined group numbers [15]: HLB = 7+
Y (hydrophilic group no) — Y lipophilic group no. Beerbower and Hills used the fol-

lowing expression for the HLB number [16]: HLB = 20 (Mﬁ?vl;{) =20 (%) ,

where My and M, are the molecular weights of the hydrophilic and lipophilic
portions of the surfactants. Vy and V, are their corresponding molar volumes,
whereas py; and p; are the respective densities. After adequately describing the
interactions between the amphiphiles within an aggregate, we need to establish the

Radius, R <.
- . Head group
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—_ area, fg
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Figure 3.
Schematic representation of spherical micelle with illustration of different surfactant parameters. Packing
factor = % .The chain volume, v, and chain length 1. set the aggregation limit.
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Figure 4.
View of the curvature of surfactant aggregates formed at various surfactant parameters, . For less than one

condition (left), the interface curves toward chain vegion. For greater than one condition (right), the interface
curves toward the polar region. When exactly equal to one (middle), the interface exhibits no preferential
curvature.

most favored structure of these aggregates. A convenient parameter to analyse such
diverse structures is the dimensionless number, v/,,l;, also known as “surfactant
parameter” [17]. Close packing of amphiphiles leads to curved interfaces, and the
direction of the curvature (either toward the polar or non-polar region) depends
upon the value of this parameter. Here, [, is a semiempirical parameter called the
critical chain length of the same order (or somewhat less) as the fully extended
molecular length of the chain, /,,,; a9 is the optimal head group area; and v is the
volume of the hydrocarbon chain [17]. Once these parameters are specified for a
given molecule, one may ascertain the most preferred geometrical packing.
Gradation of the preferred structure with increasing surfactant parameter has
been made as follows [13]: v/l < 3 for spherical to § <v/,,l. < 3 for ellipsoidal to
%/aole & 3 for cylindrical or rodlike micelle to  <v/,,l. <1 for various interconnected
structures or lameller phases to 7/, /. = 1 for vesicles or extended bilayer and
finally to a family of “inverted structure” for v/, [.>1. Therefore, it can be
concluded that in a non-condensed liquid phase the curvature is a function of the
surfactant parameter at the liquid-liquid interface. Here, we find surface tension at
work, and consequently it vesults in a pressure imbalance across a curved surface [6].
The origin of the tendency to minimize the surface energy of oil droplets in water is
due to the imbalance in forces acting on a molecule at the interface compared to
those acting in the bulk. From the basic fluid dynamics, we find that when a
surface is curved there is a difference in pressure on the two sides of the surface
which is described by the very important concept of “Laplace pressure” on the two
sides of a curved (non-planer) surface, a spherical one being a special case of this
in general [6].

3.2 Derivation of Laplace equation

Consider a spherical cap symmetric about z-axis. The pressure exerted on the
curved interface by the two bulk phases will be different and will give rise to a force
acting along the normal to the interface at each point on the curve. The cap will also
feel a force arising from surface tension acting tangentially at all points on the
curve. At mechanical equilibrium, these two forces cancel each other along the z-
direction (Figure 5).

Force arising from the pressure difference: F2* = (P* — PP) Y64 = (P* — P/)nr2.

27r?y

Force arising from surface tension: F, = =
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At equilibrium the forces along z-direction: F5* = FZ; or(P* — PP)zr? = @

So, AP = (P* — PF) = 27—’, which is the Laplace equation for spherical surface.

For nonspherical interface, two orthogonal radii of curvature (v, ') are needed,

the Laplace equation then becomes AP = y(% + r%) = Vzl, where 7, is the mean

curvature (inverse of radius) and is equal to rl = % (% + r%) By our convention, if
»

the interface encloses hydrophobic region, the mean curvature would be negative.
Therefore, the Laplace pressure always drives the interface in the concave direction
if the molecules are expanded or contracted. The high energy required for the
formation of nanoemulsion droplets can be understood from the inverse relation of
the pressure difference with the radius. The Laplace equation forms the theoretical
basis of “Kelvin equation,” which describes the effect of surface curvature of a
liquid that changes with the equilibrium vapor pressure of the liquid [13]:

In (llf—m) = (ZJ’V’”) , and we immediately obtain the Kelvin radius:

rmRT

-1

T = (% + %) = Rler:/%’ where P and P are, respectively, the vapor pres-
=

sures over the curved surface with mean curvature »,, and a flat surface (r = ), V,,

is the molar volume of the oil, y is the interfacial surface tension, R is the gas

constant and T is the absolute temperature.

3.3 The consequences of Kelvin equation are profound

One of them is to govern the process such as the growth of larger droplet in
expanse of the smaller one in nanoemulsion. The vapor pressure of a spherical
droplet will be greater than that of the same liquid with a flat surface. The smaller the
radius, the higher the vapor pressure such that if there is a distribution of droplet size,
the smaller one will tend to diminish, while the larger ones will tend to grow. The
total energy of the two-phase system thus can be decreased via an increase in the
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Figure 5.

Resolution of forces on spherical cap symmetrical about the z-axis and part of a spherical interface. The
pressures exerted on the interface by the two bulk phases (a and p) will be different if the interface is curved,
and this difference (AP) will give rise to a force acting along the normal to the interface at each point. The
cap will also be subject to a force arising from surface tension acting tangentially at all points around the

perimeter of the cap.
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size scale of the second phase and accordingly a decrease in total interfacial area.
Such a process is known as “Ostwald ripening.” The driving force of the ripening
process is the dependence of oil solubility on its size, as described by the Kelvin
equation [18, 19]:

YV, 2y Vo,
C(r) = C(0) exp (RyTV ) zC(oo)(l +RYTV )

where V,, is the molar volume of the oil and y is the surface tension. This
equation relates the solubility of droplet C(r) with an arbitrary radius r to that of an

272V,
RTry

as the capillary length of the drop, typically on the order of ~1 nm. The Kelvin
equation is derived from the dependence of chemical potential (1) of the dispersed
phase on its size by the relation [19]:

infinite radius C(o0). The quantity ( ) has the dimension of length and is termed

2y [r
4u) = (o)) = | Vil p)dp T,

0 r

Another driving force for Ostwald ripening to occur in nanoemulsions is due to
the polymorphic changes during redeposition of solute (such as drug molecules).

4. Theory of Ostwald ripening in nano-dispersion

So far, we came to know that the major instability of O/W nanoemulsions is
caused due to the molecular exchange of oil molecules between droplets, a process
known as Ostwald ripening. Although many specialists on emulsion stability are
often unwilling to accept the concept of Ostwald ripening, instead, in most cases,
they explain the destabilization under the framework of the more traditional
mechanism—coalescence. Despite these disagreements in the literature, the theoreti-
cal development of the kinetic regime of the Ostwald ripening is a peculiar form of
self-ordering and stimulates curiosity to the researchers till now. The detail mathe-
matics of the theory of Ostwald ripening mechanism is not included in this chapter;
rather, we will address a few selected topics of the theory. A more comprehensive
discussion on this issue can be found in the reviews given in Refs. [19-21].

The major contribution in the theory of kinetics of Ostwald ripening in its
contemporary form was initially formulated by Lifshitz and Slyozov [22] and then
independently by Wagner [23] (known as LSW theory). Following publication of
their findings, it became the seminal paper on which all subsequent theoretical
works have been based. The theory is based on the following assumptions: (1) the
particles (here droplets) of dispersed phase are spherical in shape, are fixed in space
and are separated from each other by distance which are much larger than their
sizes (true diluted system), (2) the mass transport is due only to the molecular
diffusion through the dispersion medium and (3) the concentration of the molecu-
larly dissolved species is constant except adjacent to the droplet boundaries.

4.1 Scaling the ripening problem
The ripening mechanism is characterized by two intervals, namely, the transient

or short-time regime and the asymptotic limit or long-time regime. The transient
limit is composed of a region of random variation of droplet size, whereas the
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asymptotic limit (t — oo) is ascribed to the region that shows a linear relationship
between the cubes of the number average droplet radius (ry>) with time.

We follow the procedure used in reference [21] by Kabalnov et al. If f(7,t) be the
size (radius) distribution function of the polydisperse system, such that f(7,)dr is
the number of particles per unit volume in the size range » to  + dr. The change in
the distribution function with time can be expressed as

af(t,r)
a 0.

where 7 = 4 is the velocity of the particles

LI
e—+==0, 1
Vs or @
where j = f7 is the flux of particles
Now, the growth rate of any droplet is proportional to its size, 7, and the
concentration, C(z), of the substance of the droplet in the medium (which is a
constant according to assumption 3) with respect to its equilibrium value, C,, :

i e.&;—‘t/ocV(C(t) — Cyq(1))s
or %%rﬁ(t) = 4zD r(C(t) — Cyy(r)), )

where D is the molecular diffusivity of the disperse phase in the medium.

d . . D
or Vzd—: =Dr(C(t) — Cy(r))sier = " (C(#) = Ceg (1))

Now, we introduce a dimensionless quantity 6, which is a measure of the relative
concentration by 0(t) = (%), now from the Kelvin equation, we know that
Cey(r) = Ceq0) (1+9).

Therefore, # =2 (C(t) — Ceq(o0) (1 +9)).

r
Rearranging the equation we get

or7 = DCe (=) (H(t) - E)‘ 3)

This is the expression of velocity of particle in size space. The value of particle
radius at which the growth rate at any instant of time is zero (# = 0) is called the
instantaneous critical radius (r,); then, it is obvious that 7. = a/6(t), and for growth
rate equation, we can write 6(t) — %>0 or ¢ <6(t) or r> ap e 7 which means

that at any instance of time particle with radius greater than the critical radius will
exhibit an increase in size where the particle having radius smaller than the critical
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one will become smaller (decay). In this notation the growth rate equation (Eq. (2))
can be rewritten as follows:

4nd 4 r
?%V (t) = 4zD Ceq(oo)a(z — 1),
DC,
orv = ﬂ (V - 1).
r 7.

The final element of LSW theory is the mass conservation.
In a closed system, the concentration of a substance in the medium and the drop
size distribution function is interrelated by

% {C(t) + i;J: rf (r, t)dV:| =0,
or0(t) + % J: rf (r,t)dr = 6(0). (4)

The three integro-differential Egs. (1), (3) and (4) can be solved analytically. It
was shown that this system should have an asymptotic solution which is indepen-
dent of initial conditions. Rather than solving the problem for all times, LSW found
an asymptotic solution valid as t — 0. Using this approach, the following predic-
tions were made for two-phase mixture undergoing Ostwald ripening in the long-
time limit [20]:

— — 1/3
1. Time evolution of average droplet radius: R(t) = (RB(O) + 4t/ 9)

2. Time evolution of the number of droplets per unit volume:

N(t) = w(1_23(0) + 4t/9) -

3. Time invariant droplet size distribution function: f (R, ) = g}i—ﬁ)

where depending on the approach, R is either the critical radius (r.) or the
maximum drop size; R(0) is the average radius at the onset of coarsening;
w=0/a fg/z u3¢(u)du, 0 is the dimensionless concentration, § = (C — C(c0))/C(c0);

and u is the normalized radius, # = RR, @ = 4x/(3V,,C(c0)).
The salient results of LSW theory are summarized as follows:

1. In the stationary region, the nature of the size distribution function is time
invariant.

2. The cube of the number-averaged particle size (ry) varies linearly with time:

_d 3y (8yDC(0)V,,\ 4 -
w_E(VN)_(%—T ——aDC,

9
where 7, is the radius of droplet at steady state, D is the diffusion coefficient of
the dispersed phase in the continuous phase and « is the characteristic length scale
(o = 2yV,,,/RT). Droplet with radius r < 7, will disappear, while droplet with r > 7,
will grow.
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The comparison between theoretical and experimental Ostwald ripening rates,
however, evoked a significant discrepancy in the literature [18], where the latter
was found to be several times higher than the former. It has been found that the
linear relation of 73 with time in the asymptotic limit does not always signify the
Ostwald ripening; as a second mechanism, “Brownian-induced coalescence” (par-
ticularly if the drop surface coverage is not sufficient to hinder the coalescence)
may also be operative, which has the same dependency of the rate over time. The
LSW theory assumed that the droplets are fixed in space and the molecular diffu-
sion is the only mechanism of mass transfer. However, for the case of droplets
undergoing Brownian motion, one must take into account both the contribution of

molecular and convection diffusion as predicted by Peclet number (P, = rv/D). The

velocity v of a droplet of mass M is approximately given by v = (3) 12

4.2 Adjustment in Ostwald ripening rate

The rate of ripening, according to the LSW model, is directly proportional to
the solubility of the oil in the aqueous medium. The presence of amphiphiles
(surfactants or co-surfactants) can significantly enhance the oil solubility by
allowing them to enter into their hydrophobic core. By replacing the bulk
solubility of oil, C(e0) by the concentration of oil solubilized by the micelles, and
using the micellar diffusion coefficient instead of the molecular diffusion, one
would get the Ostwald ripening rate in the presence of micelle. According to the
extended LSW theory, the Ostwald ripening rate of nanoemulsion containing a
water-insoluble low molecular weight coemulsifier (amphiphile) can be predicted

by the following equation [24], @ = (%) ¢.0> where D,,, Cp(00) and ¢,

are the molecular diffusivity, bulk solubility (in water) and volume fraction of the
coemulsifier in the oil droplet, respectively. Similarly, as the interfacial tension (y)
is incorporated in the ripening rate equation in the capillary length parameter

(a = 2yV,,/RT), lowering of the interfacial tension by the amphiphiles will lead to
smaller capillary length and therefore lower solubility of the oil at the droplet
boundary. This will cause lowering of the ripening rate at least for the case of
strongly adsorbed amphiphiles. In the absence of micelle, oil molecule transports
into and through the aqueous phase separating the droplets. However, in the pres-
ence of micelle, it is proposed that mass transfer is still involved through the
continuous phase, but the micelles increase the water solubility of the oil,
therefore effectively increasing the transport rate [24-26]. Kabalnov [19] has pro-
posed three possible mechanisms to explain the observed effects of micelles on
Ostwald ripening; nevertheless, whether the oil molecules are taken up by the
micelles directly from the aqueous medium or by fusion/fission of a micelle with a
droplet surface is still unclear. Another possible way to slow down the Ostwald
ripening rate was proposed by Higuchi and Misra [27] through the incorporation of
a second disperse phase (oil) with a much lower continuous phase solubility. Ini-
tially, the concentration of the second insoluble phase is equal in all droplets. As the
mixed oil nanoemulsion undergoes Ostwald ripening, the more soluble component
diffuses from the smaller to larger droplet at a much faster rate than the less
soluble one. Thus, time will come when the larger droplets become enriched with
the soluble oil and the chemical potential of that component is equal in all the
droplets. Thus, there is no driving force for further transfer of the oil to take place,
and the state is referred to as pseudo-steady of ripening. As theoretically
investigated by Kabalnov et al. in the case of medium-soluble second

component, the Ostwald ripening rate of the mixed oil nanoemulsion can be
approximated as [25]
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WDpmix = (ﬁ + ﬁ) 71;

w1 W

where ¢, and ¢, and the w1 and w; are the volume fraction and ripening rate of
the medium-soluble and medium-insoluble component, respectively. In his treat-
ment [25], Kabalnov came up with three stability regime depending on the mole
fraction of the less soluble second component (X>) in the mixture. For high amount
of insoluble oil (X > 0.4), entropy of mixing dominates, Ap < 0, and the
nanoemulsion is thermodynamically stable. For low mole fraction (X, < 0.17),
Laplace pressure between the different size droplets dominates, and the
nanoemulsion is thermodynamically unstable. At intermediate mole fraction (0.17
< X5 < 0.4), a nanoemulsion is said to be in metastable state. Initially, Laplace
pressure will dominate and the system undergoes Ostwald ripening; however, it
also has a kinetic energy barrier that prevents further ripening to occur.

The validity of the LSW theory was tested by Kabalnov et al. [18, 19]. The
influence of the alkyl chain length of the hydrocarbon on the Ostwald ripening rate
of nanoemulsion was systematically investigated from alkyl chain length C9-C16.
Increasing the alkyl chain length of the hydrocarbon used for the emulsion results in
the decrease in the oil solubility. According to the LSW theory, this reduction in
solubility should result in a decrease in the Ostwald ripening rate which was con-
firmed by Kabalnov et al.

5. Stability against coalescence in nano-dispersion

Though the droplets coalescence rate is sufficiently get reduced for the
nanoemulsion due to their smaller size, however, as a consequence of Ostwald
ripening, it may results in creaming and ultimately leads to phase separation of the
nanoemulsion (Figure 6a). The importance of droplet deformation, surfactant
transfer and interfacial rheology for the stability of emulsion is well reported in the
literature [28-30]. In the presence of thermal noise, the droplets are allowed to
explore space by Brownian motion, and the resulting collisions cause the mean
droplet radius R to increase. This process is called coalescence. Stabilization against
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Figure 6.

(a) Schematic elaboration of various destabilization mechanisms for nanoemulsion and (b) cartoon of drop-
drop interaction under two different regions where ligand shell overlaps each other.
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coalescence can be effectively achieved, by creating a sufficient repulsive energy
barrier between the droplets. This can be done by two ways, such as for O/W
nanoemulsion the electrostatic stabilization (due to creation of double layer) by
adding ionic surfactants. The formation of an electrical double layer (EDL, thick-
ness &) barrier is well established in the literature of colloidal stability according to
the Derjaguin, Landau, Verwey and Overbeek (DLVO) theory [31]. As a result of
this EDL formation when droplets approach a distance %, smaller than twice the
double layer extension, strong repulsion occurs against their aggregation; hence,
flocculation is prevented. A second and more effective mechanism using non-ionic
surfactants or polymer (referred as surfactant) for W/O nanoemulsion is the steric
stabilization (due to the presence of adsorbed polymer layer). However, no compa-
rable definitive theory exists till date for the so-called steric stabilization. To date
there have been several attempts made to develop the quantitative theory of steric
stabilization with a notable success of Fischer’s solvency theory [32] which exploits the
Flory-Huggins theory [33] to predict the repulsive potential energy between two
large flat plates. The total free energy of interaction obtained by Hesselink et al. for
two flat plates coated by steric layer is given by [33]

Ll ()9 (@ — VM) + 2 V()

where y is the number of ligands per unit area, « is the expansion factor, 7y, is
the root mean square end-to-end distance of the chain in free solution and M(d) and
V(d) are the distance-dependent mixing and elastic function that could be evaluated
from segment density distribution function. However, the reason for the failure of
Fischer’s solvency theory appears to reside in the use of segment density distribu-
tion functions relevant to the isolated polymer according to Hesselink calculation
[34] which is found unlikely to be applicable here. Smitham, Evans and Napper first
pointed out the correction and proposed a simple analytical model to adopt for the
segment density distribution function which is a constant segment density step
function [35]. Their theory is able to account for many of the qualitative and
quantitative features of steric stabilization observed to date. According to this
model, the steric repulsion appears from two main origins: the first one (Figure 6b)
is the unfavorable mixing of the surfactant chains which depends on their density at
the interfacial region, on thickness of the interfacial layer () and on the Flory-
Huggin parameter, y. The second one (Figure 6b) is the reduction in configuration
entropy due to elastic stress of the chains which occur when inter-droplet distance
becomes lower than 8. This method of stabilization is more effective than electro-
static stabilization in two ways: firstly, the repulsion is still maintained at moderate
electrolyte concentration, and, secondly, the repulsion can be maintained at high
temperature (provided ligand has solubility at that temperature).

The unfavorable mixing of the surfactant chains (considering the chain-solvent
interaction predominates over the chain-chain interaction, like it is in good solvent
condition) occurs when the ligand chain starts to interpenetrate within a distance,
1+ L <h <1+ 2L, where L is the rescaled length of ligand chain (L =$), 5 is the
contour length and d(=2R) is the diameter of the sphere. The free energy of mixing
in terms of rescaled parameter can be expressed as [35]

Umix_ ﬂd3 2 1 V)2, T T
o _@%lg S (h—(1+2L))";when, 1+ L<h<1+ 2L,

where VM, ®lig> ¥ and h are the molar volume of the solvent, the average volume

fraction of the ligand segments in the overlapping region, the Flory-Huggin
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Figure 7.
Pictorial vepresentation of distance dependence of pair potential energy between two spheres according to the
literature.

interaction parameter and the center-to-center distance between any two
approaching spheres, respectively. When y < 0.5, Gix is positive and the interac-
tion is repulsive. When x > 0.5, G,,;, is negative and the interaction is attractive.
When y = 0.5, G, is zero, which is referred to as the 0-condition. The Flory-
Huggin parameter is calculated by Z—; (6 — 5m)2 + 0.34, where & and §,, are the
Hildebrand solubility parameters [36] of the surfactant and solvent, respectively.
Solubility parameter &, of any component is related to its heat of vaporization AH

with molar volume by 6, = 257KL.

Continuing on the droplet-droplet approach within a distance 2 <1 + L, a second
regime appears where chains undergo significant interpenetration and compression.
The free energy of mixing in this regime can be expressed as [37]

Upic  7d> 5 (1 L h—1\ 3 -
AN O R

sol

while the elastic interaction U,; between the surfactant tails resulting from the
loss in configurational entropy in this region is given by the expression [35]

%nydz[(h—l)(lnhzl—1> +f};when,h<1+f,

kT

where y is the number of ligands per unit area of the sphere. Therefore, U,; is
always repulsive (Figure 7). A pictorial representation of pair potential vs. inter-
particle distance was shown in Figure 7 elaborating various cases of DLVO and non-
DLVO interactions.

Therefore, the criteria for effective steric stabilization are the following: (1) the
particle should be completely covered by the polymer, (2) the polymer should be
strongly adsorbed to the particle surface, (3) the stabilizing chain should be highly
soluble in the medium and is strongly solvated by its molecules and (4) 6 should be
sufficiently large to prevent weak flocculation which occurs when the thickness of
adsorbed layer becomes small (<5 nm).

6. Conclusion

This chapter summarizes the most important aspects of nanoemulsion including
the composition, structure and physical properties and also provides the glimpses of
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trademarks which distinguished it from the conventional microemulsion. Droplets
having dimension in the order of few tens of nanometers are unstable due to the
high difference in vapor pressure outside and inside the curved interface. The
presence of polydispersity in the droplet size leads to the difference in their chem-
ical potential (and hence solubility), which acts as a fuel for the transfer of mass
between two droplets. However, with the help of a proper stabilizing layer of
polymer (favorable volume to [head group area x length] ratio) or surfactant, we
can achieve the necessary repulsive barrier (electrostatic, steric or electro-steric)
against their coalescence. Concurrently though, it also raises the question of
whether the additive (surfactant or polymer) can affect the rate of Ostwald ripen-
ing during the mass transfer process. With the proper knowledge of the surfactant
properties (HLB and other surfactant parameters), one can effectively fabricate a
stable nano-dispersion for a particular combination of dispersed and continuous
phase.

7. Outlook

In order to leverage the knowledge of structure-property-function relationship
for nanoemulsion, a continuous effort in research and development is required in
this direction. The recent advances in nanoemulsion fabrication with reduced poly-
dispersity in droplet size distribution are likely to provide new avenue to the
researcher for achieving their desired functionality. Indeed, we are not so far to
fabricate smart nanoemulsion (decorated, functionalized and internally structured)
which can act as a vaccine or drug delivery vehicle to provide enhanced therapeutic
response to biological system. Molecular design of amphiphiles can lead to new
stable nanoemulsion topologies such as double nanoemulsion. Aggregate/gel can be
formed by attractive nanoemulsion droplets by introducing strong opposite screen-
ing layer, or elastic verification in the system of repulsive nanoemulsion can be
made through high-flow emulsification that cause extreme droplet rupturing.

Overall, nanoemulsions are very promising and flexible soft-matter systems, and
they offer outstanding potential for new advances in basic science, customized
colloidal design and high-value applications.
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Chapter7

Synthesis, Properties, and
Characterization of Field’s Alloy
Nanoparticles and Its Slurry

Chaoming Wang, Xinran Zhang, Wenbing Jia, Wei Wu
and Louis Chow

Abstract

This chapter describes a facile one-step method developed for the synthesis of
Field’s alloy nanoparticles using a nanoemulsification technique and their dispersed
them in a base fluid to make slurry. The composition, size, morphology, and
thermal properties of as-prepared nanoparticles were characterized by XRF, TEM
and, DSC, respectively. The slurry with Field’s alloy nanoparticles exhibited good
thermal properties and stability. Meanwhile, an experimental study was performed
to investigate the jet impingement of HFE7100 fluid with nanosized metallic
(Field’s alloy) phase change materials (nano-PCM). Surface modification was used
to stabilize the slurry of the nano-PCM in HFE7100 fluid and make the slurry stable
for over 1 month. The Field’s alloy nano-PCM absorbed heat during a phase change
process from solid to liquid phase coupled with HFE7100 evaporation process. The
effects of mass fraction of Field’s alloy nano-PCM on the pressure drop and heat
transfer performances of the slurry were investigated through a heat transfer loop
test. Away from the critical heat flux, Field’s alloy nano-PCM slurry provided a
significant heat transfer enhancement due to the increase in the thermal capacity
of the carrier fluid. Moreover, the nano-PCM slurries were able to maintain 97% of
their heat removal capability after 5000 thermal cycles.

Keywords: Field’s alloy, nanoparticles, nanoemulsification, slurry, HFE7100,
jetimpingement heat transfer

1. Introduction

With their wide industrial and civil applications, heat transfer fluids (HTFs)
have been potentially used in lubrication, energy storage, heat exchange, electronic
cooling, and so on [1-5]. However, for conventional HTFs (such as water, polyal-
phaolefin (PAO), fluorocarbons, and glycols), the main drawback of deficient heat
transfer performance owing to their low thermal conductivities has limited their
practical applications. For the purpose of improving their heat transfer properties,
earlier research efforts have been carried out by dispersing those materials, which
have high thermal conductivities, such as silver, copper, alumina, copper oxide,
silicon carbide, and carbon nanotubes, into HTFs [6-12].

Until recently, adding nano-sized phase change materials (nano-PCMs) into
base HTFs attracts considerable attentions. The most frequently used PCMs include
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inorganic PCMs, such as metal, alloy and salt hydrates, and organic PCMs, such

as paraffins, polyethylene glycols, fatty acids, and esters [13-19]. Different types

of nano-PCMs can be synthesized by using various synthetic methods [20-22]. By
encapsulating or coating the nano-PCM with a suitable layer, the nano-PCMs can
be dispersed in a base fluidic phase. However, nano-sized particles have a strong
tendency to agglomerate and easily lead to precipitate in HTFs, which restricts their
application as thermal energy storage media. Therefore, encapsulation or surface
modification of nanoparticles to increase their dispersion ability in the carrier fluid
is of primary importance. Various techniques such as interface polymerization [23]
and coacervation [24] and emulsion polymerization [25, 26] were explored to make
encapsulated nano-PCM. Meanwhile, some modified nanoparticles using certain
way exhibit excellent dispersion stability in some HTFs [27-29]. As inexpensive and
stable dielectric HTFs, PAO and HFE7100 are usually applied in cooling of avionic
systems [30, 31].

Among those PCMs, the thermal conductivity of lots of low melting point met-
als, such as indium (In), bismuth (Bi), tin (Sn), and lead (Pb) and their eutectics,
is at least two orders higher than that of inorganic PCMs. Meanwhile, their latent
heat density and other thermal properties are comparable to inorganic PCMs,
which makes low melting point metals or eutectic alloys highly attractive PCMs in
practical applications. By taking advantages of nano-PCMs (such as their small size,
large surface-to-volume ratio, good dispersion ability in base fluid, and large latent
heat of fusion), these HTFs have some distinct merits such as high energy density
thermal storage, large specific heat capacity, low flow drag, and enhanced thermal
conductivity. Meanwhile, the fluids still keep the fluidic properties. All these afore-
mentioned merits make these thermal fluids containing nano-PCM a promising
HTF for electronic cooling equipment, thermal control, and those systems requir-
ing high heat transfer rates [32-34]. The tight contact of nanoparticle and base
fluid decreases the heat transfer resistance between nanoparticles and fluid, thus
enabling fast exchange of heat transfer between phases [35]. Therefore, the slurry
with nano-PCM could decrease the total pumping power in a heat transfer loop due
to the increased heat capacity of the carrier fluid.

For aliquid, when the flow rate and thermal conductivity keep constant, the
heat transfer capability is predominantly depending on its heat absorbing capacity
[36]. Frequently, in high-flux heat removal case, dielectric fluids (such as HFE7100)
are usually used to take the heat away through utilizing their latent heat of vapor-
ization. As a low melting point alloy, Field’s alloy is a eutectic alloy melt at approxi-
mately 62°C (144 F), in which composes with the weight percentage of 32.5%
bismuth (Bi), 51% indium (In), and 16.5% tin (Sn). As a low melting point alloy,
Field’s alloy is selected due to its melting temperature a litter higher than the boiling
point of HFE7100. Therefore, during liquid-vapor phase transition of HFE7100,
the thermal fluid heat capacity can be increased significantly when the nano-PCM
changes from the solid to liquid phase.

This chapter mainly summarized our works in recently few years [37, 38], which
include: (1) synthesis and modification of Field’s alloy nanoparticles; (2) character-
ization of as-prepared Field’s alloy nanoparticles; (3) jet impingement heat transfer
of Field’s alloy nanoparticles-HFE7100 slurry.

2. Synthesis and modification of Field’s alloy nanoparticles
Nanoemulsification method is one of the most facile techniques to prepare nano-

sized Field’s alloy particles. The illustrated nanoemulsification formation process is
shown in Figure 1. Briefly, a certain amount of Field’s alloy pellets was put into PAO
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Illustrated scheme of the synthesis of molten Field’s alloy nanoparticles using nanoemulsification method.

(a) PAO and molten Field’s alloys are in the reaction vessel. These two liquids are immiscible and phase
separate; (b) polymer surfactant (ethyl carbamate) is soluble in PAO; (c) the mixture is heated up to
certain temperature and the bulk molten alloy formed; (d) the microscale emulsion is stirred and breaks into
microscale droplets until nanoemulsion is formed.

oil with or without certain amount of ethyl carbamate as surfactant. After that, the
mixture was heated and kept at certain temperature (50, 70, 100, 150, and 180°C)
in the help of silicone oil thermal bath and stirring for specific time under certain
temperature under nitrogen protection to make the native or ethyl carbamate modi-
fied low melting temperature Field’s alloy nanoparticles. As the time increases, the
white color of PAO oil became gray and dark gradually. When the reaction finished,
the nanoparticles were gathered by centrifuge and washed with acetone at least
three times and then dried at 45°C overnight for ready to use. The native or modi-
fied Field’s alloy slurry was made by dispersing certain amount of native or ethyl
carbamate modified Field’s nanoparticles into the desired base fluid.

In order to make the as-prepared Field’s alloy nanoparticles dispersed well in
HFE7100 for long time, the nanoparticle surfaces were modified with a monolayer
of 1H, 1H, 2H, 2H-perfluorooctyltriethoxysilane by mixing the nanoparticles in a
silane solution of HFE7100.

3. Characterization of as-prepared Field’s alloy nanoparticles
The size, morphologies, composition, and thermal properties of the synthesized
Field’s alloy nanoparticles were characterized by transmission electron microscopy

(TEM), X-ray fluorescence spectrometry (XRF), and differential scanning calorim-
etry (DSC). The result and discussions were as the following.
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3.1 Size and morphologies of Field’s alloy nanoparticles

The size and morphologies of synthesized Field’s alloy nanoparticles using
nanoemulsion method were investigated by TEM. Figure 2 showed the TEM images
of the as-prepared Field’s alloy particles after boiling the Field’s alloy pellets in PAO
at 180°C for 10 min (Figure 2A) and 2 h (Figure 2B), respectively. When the boil-
ing time increases, the size of particles would decrease and became more and more
spherical. After 10 min, the particles have irregular shapes and with the size range
from 200 to 500 nm. As the time increases to 2 hours, the particles showed spherical
shapes with the size of about 20 nm. Figure 2C showed the plot of reaction time
versus the size of particles. After 2 hours, even though the reaction time increase
(such as 5, 10, or even 20 h), the particles size did not have too much change, which
was still close to 20 nm.

3.2 Composition and thermal properties of Field’s alloy nanoparticles

The composition of bulk Field’s alloy pellet and the synthesized Field’s alloy
nanoparticles was deduced with XRF spectrum, which was measured and collected
from a mini-X system that uses a mini X-ray tube (Amptek, 40 kV, 100 pA) and a
solid state X-ray spectrometer detector (Amptek 123, reflection mode). The whole
setup was enclosed in a lead containing acrylic chamber with 1 mm of lead equiva-
lent thickness to make sure no X-ray comes out. As shown in Figure 3A, no obvious
difference is observed between the composition of the bulk Field’s alloy materials
and the as-prepared nanoparticles, in which Ly, Ky, and Ky, of indium at 3.29,

T 28 80 T8 108
Time (hour)

Figure 2.
TEM images of Field’s alloy particles synthesized at 180°C for 10 min (A) and 2 h (B) using nanoemulsification
method; Field’s alloy particles size versus reaction temperature for 2 h (C).
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Figure 3.

X-ray fluorescence spectrum of bulk Field’s alloy (black) and nanoparticles (red) (A); DSC curves of Fields
alloy nanoparticles synthesized at different temperatures (50, 70, 100, 150, 180°C) for 2—20 h, respectively (B).

110



Synthesis, Properties, and Chavacterization of Fields Alloy Nanoparticles and Its Slurry
DOI: http://dx.doi.org/10.5772/intechopen.84224

24.21, and 27.27 keV; Ly and Ly, of bismuth at 10.84 and 13.02 keV; and Ky, of tin at
25.27 keV can be seen clearly. It indicated that no phase separation happens during
the whole synthesis process.

DSC was used to measure the thermal properties of as-prepared nanoparticles.
Figure 3B showed the DSC curves of bulk Field’s alloy pellets and corresponding
nanoparticles synthesized at different temperatures (50, 70, 100, 150, and 180°C)
with other experimental conditions unchanged. For melting peaks of those samples,
the peak position and shape were close and similar to the bulk material, where all
of the samples are melt at about 62.5°C. However, for freezing peaks, it showed
different characteristics for those nanoparticles synthesized at different tempera-
tures. As the temperature increases, the freezing peak position would decrease and
became more and more broaden. For example, the bulk Field’s alloy was freezing
at 55.2°C, and the nanoparticles synthesized at 50°C for 2 h, 70°C for 2 h, 100°C
for 2 h, 150°C for 2 h, 180°C for 2 h, and 180°C for 20 h are at 55.2, 53.9, 52.5, 43.4,
32.6, and 32.6°C, respectively. Comparing the DSC curves of those samples under
different temperatures, the reaction temperature-dependent freezing depressing
was observed.

3.3 Thermal stability of Field’s alloy nanoparticles and slurry

The thermal properties of Field’s alloy slurry were investigated using a DSC. As
shown in Figure 4A, the slurry can undergo melting-freezing phase transition during
heating and cooling scanning processes. The downward endothermic peak at 62.5°C
was belonging to the melting of the Field’s alloy nanoparticles, while the upward
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Figure 4.

Cyclic DSC curves of Fields alloy nanoparticles in ambient and nitrogen atmosphere, vespectively (A); cyclic
DSC curves of Field’s nanoparticles after running in ambient condition for 1st, 5th, 10th, 15th, and 20th times,
respectively (B); cyclic DSC curves of the slurry in ambient and nitrogen atmosphere (C); cyclic DSC curves of
the slurry after running for 1st, 5th, 10th, 15th, and 20th times in ambient condition, respectively (D).
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exothermic peak at 35.5°C was for their freezing. This observed melting-freezing
temperature difference (about 27°C), called supercooling, had been well explained

by the classical nucleation theory [39]. As shown in Figure 4B, no obvious changes

of the slurry after running for 20 cycles, it suggested that slurry was very stable in
ambient condition. It suggested that the nanoparticles are stable in ambient condition.
As shown in Figure 4C, the nano-PCM slurry can undergo melting-freezing phase
transition during heating and cooling scanning processes. The downward endothermic
peak at 62.5°C was belonging to the melting of the Field’s alloy nanoparticles, while the
upward exothermic peak at 35.5°C was for their freezing. As shown in Figure 4D, no
obvious changes of the nano-PCM slurry after running for 20 cycles, it suggested that
nano-PCM slurry is very stable in the temperature range under 100°C.

4. Heat transfer loop test

In order to investigate the Field’s alloy nanoparticle slurry compared to the pure
liquid of HFE7100, a jet impingement heat transfer test was carried out. This part
will represent some experimental data and discuss the effect of mass fraction of
Field’s alloy nanoparticle in slurry on pressure drop and heat transfer performance.

4.1 Experimental setup for heat transfer loop test

It is noted that all of the heat transfer loop tests were carried out under 1 atmo-
spheric pressure. After installation of the heater, the test vessel was evacuated and
filled with the working fluid, HFE7100. Additional degassing process was carried
out by boiling the liquid pool for 2 hours to remove the dissolved noncondensibles.
Figure 5 illustrated the flow loop utilized to conduct the experiments. A variable

o @ Test S:Cﬁﬂn

Pre-Heater Filter

+ —
Power Supply

Controller

Slurry
Reservior vout
Exchanger

Figure 5.
Schematic diagram of the heat transfer loop test.
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speed gear pump was used to supply coolant to the nozzle. A turbine flow meter
was used to measure the volume flow rate. A vertically oriented nozzle was located
directly above the heater surface. The distance between the nozzle exit and the test
surface was fixed at 20 mm using a fine-threaded post-arrangement. The nozzle
heater assembly was located in a chamber which also acts as the coolant reservoir.

4.2 Test chamber and heaters

Figure 6A illustrated the test chamber and Figure 6B showed our measured
relationship between chamber pressure and saturation temperature of HFE7100.
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Figure 6.

Tllustrated scheme of test chamber (A) temperature vs. pressure of HFE7100 (B) and heater (C).
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The coolant within the reservoir was maintained at a constant temperature using

a combination of an immersion heater and proper thermal insulation to ensure

the test was under 1 atmosphere pressure. An acrylic cylinder with aluminum lids,
which was 300 mm tall and 200 mm in diameter, was used as the test chamber. The
test chamber contained approximately 500 ml of working slurry (pure HFE7100/
nano-PCM mixture). Heat was applied to the heater surface through a copper plate
using a resistive heater controlled by a HP 6030A DC power supply system. The
heater was built by soldering a 10x10x2-mm-copper block onto a matching size,
1-mm-thick resistive heater. Figure 6C showed the heater details. The resistive
heater was made of a 5-ohm-thick film resistor with BeO substrate made by Barry
Industries Inc. Soldering the thick film resistor to the copper plate minimizes the
thermal contact resistance at the interface.

The temperature of slurry entering the test chamber was maintained at 56°C,
5°C below the liquid saturation temperature. Due to the large supercooling of
nano-PCM particles (solidification temperature at 17.1°C), to ensure the PCM in
solid phase, the slurry was chilled to 5°C by ice water. The nozzle inlet temperature
(56°C) was controlled by an auxiliary heater powered by an AC regulator. The test
heater surface was fastened at the bottom of the container using epoxy resin. The
test vessel was insulated with a 25-mm-thick fiber glass blanket. A Bakelite layer
(with a thermal conductivity less than 1 W/mK) underneath the heater was found
to be a sufficient insulator. The uniformity of the Joule heating over the resistor
surface was within 5%. The heat fluxes were also controlled at steady state for each
set of testing. The jet impingement nozzle (a TG 0.7 full cone nozzle with the insert
removed) was procured from Spraying Systems Co., and it had a passage with
circular cross section, 0.76 mm in diameter. The coolant was allowed to enter the
plenum of the nozzle where it flowed through a converging section as it existed to
the chamber. Once the steady-state flow and temperature conditions were attained,
the mean temperature of the heater and inlet and outlet temperatures of the slurry
were calculated by the arithmetic mean of temperature readings. The heat transfer
coefficient was then obtained by the following equation [40]:

h = QAT -T) (1)

where T, is the average of the two surface temperatures extrapolated from the
two embedded thermocouple readings. The pressure drop across the nozzle was
measured at different mass fractions of slurry at a temperature of 20°C at the nozzle
inlet (non-melting conditions).

4.3 Physical properties of Field’s alloy nanoparticle slurry in HFE7100

For the silane monolayer modified Field’s alloy nanoparticles, the optical transmit-
tance of nanoparticle suspensions in HFE7100 fluid was monitored by a portable
spectrometer, and the optical transmittance kept nearly the same over 1 month, which
indicates the nanoparticle suspension is highly stable for more than a month after the
1H, 1H, 2H, 2H-perfluorooctyltriethoxysilane modification. The physical properties
of nano-PCM slurry in HFE7100 with 10, 23, and 30% particle mass fraction, where
the corresponding particle volume fractions of slurry are 2.3, 6.4, and 8.0%, and its
components are presented in Table 1. The bulk viscosity of Field’s alloy nanoparticle
slurry is measured by using a calibrated Cannon-Fenske viscometer. Other param-
eters, such as density, thermal conductivity, and latent heat of Field’s alloy nano-PCM
slurry, are calculated according to the reference data and mixture equations [41]. The
specific heat of nanoparticles for solid/liquid phases is derived from the superposition
calculations involving HFE7100 and Field’s alloy (solid/liquid).
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Slurry and its Density Specific heat Thermal Latent Viscosity
components (kg m™) J kg_l K™ conductivity heat (mPa s)at
(W m?K™) (J kg™ 293 K
Field’s alloy® 7880 170.5 70.1 40.2 -
(solid)
Fields alloy 7880 170.5 345 - -
(liquid)
HFE7100 1500 1180 0.07 - 0.60
(298K)"
Slurry©10% 1648 1079 0.075 4 0.69
23% 1883 948 0.084 9 0.75
30% 2036 877 0.091 11 0.79
http:/ fwww.Matweb.com [42].
¥3M Data Book, HFE7100 for Heat Transfer, 2002 [43].
‘Bulk physical properties of slurries arve calculated from those of solid PCM particles.
Table 1.
Physical properties of Field’s alloy nano-PCM slurry and its components.
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Temperature (K)

Effect of temperature on apparent viscosity of pure HFE7100 and nano-PCM slurry.

A relation exists between the temperature of HFE7100 with Field’s alloy nanopar-
ticles slurry and its apparent viscosity. Figure 7 shows the measured experimental
data that exhibits the effect of temperature on apparent viscosity of pure HFE7100
and slurry with 30% (wt%) particle fraction. The results show that the ratio of the
slurry viscosities keeps almost the same at 1.4 over the tested temperature range.

4.4 Pressure drop

An important parameter was pressure drop between the inlet and the outlet of
microchannel heat exchanger. In ideal case, the pressure drop should be as small
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Figure 8.
Jet impingement pressure drop data with different Field’s nanoparticle concentrations (nozzle: TGo.76,
H = 20 mm); the inlet temperature is controlled at 20°C.

as possible to minimize pumping power. When the velocity of the jet was varied
between 4.2 and 15.5 m/s, the pressure drop across the nozzle was measured at flow
rates of 1.95-715 cc/s. As shown in Figure 8, when the nozzle inlet temperature of
the liquid temperature was controlled at 20°C, the jet impingement pressure drop
results were very close even with different particle mass fractions. It can be assigned
to the comparable increases in Field’s alloy nanoparticle slurry viscosity and den-
sity with increased nanoparticle mass fraction (see Table 1). The pressure drop

was related to the nozzle Reynolds number as /\P o re;*” [44]. Since the nozzle
Reynolds number did not change too much with increased particle mass fraction,
the pressure drop should not vary significantly with particle mass concentration.

4.5 Heat transfer performance of Field’s alloy nanoparticle slurry

Heat transfer performance of the nanoparticle slurries was evaluated by measur-
ing their convective heat transfer coefficients in jet impingement configuration.
When no solid-liquid and liquid-vapor phase change occurs in the slurry, the jet
impingement heat transfer coefficient can be predicted by the Martin correlation
[45]. Figure 9 showed the heat transfer coefficient of jet impingement test for pure
HFE7100 when the inlet nozzle temperature was kept at 20°C with a flow rate from
2.05 to 6.95 cc/s. When the flow rate was from 2.05 to 6.95 cc/s, the heat transfer coef-
ficient was increased from 4.6 to 9.4 103 W/m” K. The difference between the experi-
mental data and the Martin correlation was within 10% of the Martin correlation.

In order to compare the heat transfer performance between HFE7100 and the
slurries with different particle mass fractions, the flow rate constant was set at
715 cc/s, and the temperature of the liquids at the nozzle inlet was fixed at 56°C. The
heater surface temperature was varied between 56 and 75°C by controlling the heater
power input. The comparison for the overall performance of pure HFE7100 (0%)
and slurries with 10, 23, and 30% particle mass fraction, using heat flux as a measure,
was provided in Figure 10. It can be seen that even before the melting temperature of
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Figure 9.
Experimental and Mavtin correlation of heat transfer coefficients of pure HFE7100 when the inlet temperature
is 20°C.
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Figure 10.

H§E7100 jet impingement (56-68°C) heat flux at the flow rate of 7.15 cc/s; (note: the inlet T;, was controlled
at 56°C, nozzle: TGo.76, H = 20 mm). Slurry with 30% particle mass fraction improved average heat
transfer coefficient by 70% when compared to pure HFE7100 for jet impingement at the temperature range
from 62 to 66°C.

Field’s alloy and the boiling point of HFE7100 were reached, the slurries had a higher
heat flux at surface temperature between 56 and 60°C. This can be attributed, in part
to their higher thermal conductivity. At the heater surface of 62°C, the results clearly
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Figure 11.
Heater surface temperature at full range (56-75°C) at the flow rate of 7.15 cc/s; (note: the inlet T;, was
controlled at 56°C, nozzle: TGo.76, H = 20 mm), black arrow was the critical heat flux.

indicated that the slurry with 30% particle mass fraction provides a much higher
heat flux than pure HFE7100. The heat flux removal increased from 15 to 30 W/cm?,
a100% improvement. At 64°C, the results showed that the slurry with 30% particle
mass fraction increases heat flux from 22 to 38 W/cm®, a 73% improvement. The
results also show that at 66°C, the slurry with 30% particle mass fraction had a higher
heat flux, 30 W/cm?® vs. 44 W/cm?, a 47% improvement. On the average, the slurry
with 30% particle mass fraction provided a heat transfer enhancement of 70% when
compared to pure HFE7100.

It was noted that the heat transfer enhancement was heat-flux dependent. It begun
to decrease as the heat flux increased because of the increasingly higher temperature
difference between the wall and the slurry. High heat flux can shift the slurry tempera-
ture out of the melting range (>62°C). Figure 11 showed the heat removal results at a
flow rate of 715 cc/s over a wider surface temperature range, between 56 and 75°C. It
was interesting to note that, at surface temperature higher than 73°C, the critical
heat flux decreased as the particle fraction increased from 10 to 30%. This could be
explained by the increase in viscosity and latent heat of melting depletion. These
combined effects could reduce the overall heat removal capability of nano-PCM slurry.
At a surface temperature of 75°C and flow rate of 715 cc/s, the heat fluxes of the slurry
with 30% particle mass fraction and that of pure HFE7100 were 59 and 69 W/cm’,
respectively. Figure 12 showed the heat transfer coefficients of slurries with several
particle mass fractions vs. the heater surface temperature at a flow rate of 715 cc/s. The
figure showed the heat transfer coefficients of nano-PCM slurries peak at 60-63°C.

The reported heat transfer results in Figures 10-12 were the average values
from three consecutive repeated tests. Depending on the temperature of the heater,
a heat loss of 4.5% of the electrical power input was estimated by calibration. The
heat flux at the surface of the copper plate was obtained from the measured electri-
cal power. Data in Figures 10 and 11 were the heat transfer coefficients from five
consecutive tests after accounting for the heat loss. All experiments had random
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Figure 12.

Heat transfer coefficients of slurry with 30% particle mass fraction vs. heater surface temperature of full
range (56-75°C) at the flow rate of 7.15 cc/s (note: the inlet T;, was controlled at 56°C, nozzle: TGo.76,
H =20 mm).

errors which occurred inevitably during measurements. These errors may be
analyzed with Ehf calculation of the root-mean-square of errors (RMSE) defined as
RMSE = Eézﬁ(—”) where n was the size of the sample (n = 5). The RMSE values
for pure H E7106, 10% slurry, 23% slurry, and 30% slurry are 0.013, 0.036, 0.04,
and 0.049, respectively. During these measurements the maximum root-mean-
square of errors (RMSE) was found to be less than 5% representing a reasonable
degree of accuracy.

Our data from the slurries with nano-PCMs demonstrated very consistent ther-
mal performance. The 30% nano-PCM slurry attains 97% of its initial heat transfer
performance after 5000 thermal cycles. This implied that encapsulation of the nano-
PCM particles with a shell made of materials such as silica, normally used to prevent
coalescence of molten nanoparticles, was not needed for the slurry featuring HFE7100
and Field’s alloy nano-PCM. The main reason was thought to be the existence of oxide
shells around the nanoparticles. Oxidation of Field’s alloy was unavoidable during
the synthesis process and can provide a thin protective shell for the core material for
along time. Furthermore, two other possible mechanisms might be helping the bare
nano-PCMs. First, the added perfluorooctyltriethoxysilane surfactant helped resist
coalescence of molten Field’s alloy nanoparticles and ensured the stability of colloidal
suspension. Second, bare Field’s alloy nanoparticles had residual charges which gener-
ate repulsive electrical force to prevent the agglomeration of molten nanoparticles.

5. Conclusions

In this chapter, a facile one-step method was developed for the production of
Field’s alloy nanoparticles or slurry using nanoemulsification technique. The com-
position, size, morphology, and thermal properties of as-prepared nanoparticles
were characterized by XRF, TEM, and DSC, respectively. The slurry with modified
Field’s alloy nanoparticle dispersed in PAO or HFE7100 exhibits good thermal
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properties and stability, which showed promising potential applications in cool-
ing of electronic device, engines, and other systems. Meanwhile, an experimental
study was performed to investigate jet impingement heat transfer of Field’s alloy
nanoparticles-HFE7100 slurry. The Field’s alloy nano-PCM absorbed heat during a
phase change process from solid to liquid phase coupled with HFE7100 evaporation
process. The study showed that the mass fraction of nanoparticles played an insig-
nificant role in pressure drop but an important role on heat transfer performance.
The high heat flux removal capability had been demonstrated by repeated closed
loop test. Away from the critical heat flux, Field’s alloy nano-PCM slurry provided
a significant heat transfer enhancement due to the increase in the thermal capacity
of the carrier fluid. Moreover, the nano-PCM slurries were able to maintain 97% of
their heat removal capability after 5000 thermal cycles.
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Nomenclature

A area of the heat transfer (m?)

¢y heat capacity of the working fluid (J/kg K)

k thermal conductivity of working fluid (W/m K)
hy latent heat of the Field’s alloy (J/kg)

h heat transfer coefficient of jet impingement or spray (W/m” K)
Q total power (W)

q heat flux (W/m?)

R thermal resistance (K/W)

r radius (m)

T temperature (K)

Ty temperature of inlet fluid (K)

¢ volume fraction of nanoparticles in the working fluid
Greeks

q density (kg/m®)

s melting time (s)

l viscosity (Pas)

Subscripts

b bulk

d diameter of nozzle

f carrier fluid

l melted Field’s alloy

m melting

V4 particle

w wall

s solid
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