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Nano and biotechnology are two of the 21st century’s most promising technologies.
Nanotechnology is demarcated as the design, development, and application of
materials and devices whose least functional make up is on a nanometer scale (1 to
100 nm). Meanwhile, biotechnology deals with metabolic and other physiological
developments of biological subjects including microorganisms. These microbial
processes have opened up new opportunities to explore novel applications, for
example, the biosynthesis of metal nanomaterials, with the implication that these
two technologies (i.e., thus nanobiotechnology) can play a vital role in developing
and executing many valuable tools in the study of life. Nanotechnology is very
diverse, ranging from extensions of conventional device physics to completely new
approaches based upon molecular self-assembly, from developing new materials
with dimensions on the nanoscale, to investigating whether we can directly control
matters on/in the atomic scale level. This idea entails its application to diverse fields
of science such as plant biology, organic chemistry, agriculture, the food industry,
and more.

Nanobiotechnology offers a wide range of uses in medicine, agriculture, and the
environment. Many diseases that do not have cures today may be cured by
nanotechnology in the future. Use of nanotechnology in medical therapeutics needs
adequate evaluation of its risk and safety factors. Scientists who are against the use
of nanotechnology also agree that advancement in nanotechnology should continue
because this field promises great benefits, but testing should be carried out to ensure
its safety in people. It is possible that nanomedicine in the future will play a crucial
role in the treatment of human and plant diseases, and also in the enhancement of
normal human physiology and plant systems, respectively. If everything proceeds as
expected, nanobiotechnology will, one day, become an inevitable part of our
everyday life and will help save many lives.
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Preface

The concept of "Nanobiotechnology” represents a new-fangled leading edge in
the modern agriculture and is projected to become a foremost thrust in immediate
forthcoming time by propounding its prospective uses and practical applications
under field conditions. This amalgamating tactic, i.e., nanobiotechnology in
agriculture sector, has great prospective to cope up with universal confronts of
sustainable food security and healthy food production, overall sustainability, and
climate transformation. Nevertheless, in spite of the possible and prospective
benefits of nanobiotechnology in agriculture sector so far, their significance and
applicability has not touched the field situations. The raising worries and
apprehensions about outcome, carriage, bioavailability, the toxicity of
nanoparticles, and incompatibility of regulatory framework limit the widespread
preference and acceptance to adopt wholeheartedly the nanobiotechnologies in
agriculture field. Furthermore, the existing research inclinations lack authentic
and pragmatic attitude that fail to achieve inclusive acquaintance of factors related
to risk assessment and further nanoparticles toxicity toward whole cropping
system components such as plants, water, soil, micro and macro microbiome into
the ecosystem. Henceforth, in the present book we put our sincere efforts to
propose some imperative opinions which need to be addressed. These points are in
reference to the existing and forthcoming research on nanobiotechnology in the
field of cropping system.

Recent transferal in agricultural traditions from widespread use of chemical
fertilizers and pesticides to organic agriculture has brought into spotlight the
employment of potential microbes which performs several significant functions
for the benefit of plant. Microbial formulations accessible all over the globe range
from powdered or charcoal based and solution and secondary metabolites based
bioformulations. The perfect specifications needed for sophisticated efficient
bioformulations development of biofertilizers and biopesticides comprise of
effective strain development, higher shelf life, long storage at various climatic
conditions, wide and easy application technology, quality control, and above all
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the biosafety of the product. The prospective advantages and uses of
nanobiotechnology in agricultural area have generated huge interest, since it
could augment production of agriculture produce while being cost-effective on
energy and pocket. Notably, nanobiotechnology by virtue of use of nanoparticles
has proposed gigantic potential applications in agricultural sector which includes
nanobiosensor, nanobiofertilizer, nanobiopesticide, nanoherbicide, and smart
transport systems for meticulous and regulated release of agrobiochemicals.
Moreover, formulation of consortium of secondary metabolites against individual
phytopathogens could be used irrespective of geographical position having higher
disease incidence. This bioformulation approach would be incomparable by
existing technology, as the bioformulation would explicitly target a particular
pathogen without harming the natural microbiome of ecosystem.

The present book Nanobiotechnology in Bioformulations comprises constraints
associated with large-scale development and commercialization of formulation of
bioinoculants. Furthermore, exclusive emphasis will be on next generation
efficient bioinoculants of having secondary metabolite formulations with longer
shelf-life but along with advanced competence against several phytopathogens.
Here valuable chapters deal with bioformulation strategies using divergent groups
of microbiome along with detailed diagrammatic and pictorial representation.
This book will be of great help both for experts and novices in the field of
microbial bioformulation, nanotechnology, or nano/micro-biotechnology. We
hope to infuse and introduce the prevailing status, realistically, and inferences of
microbial researchers and scientists, agronomists, students, environmentalists,
agriculturists, and agribusiness professionals, as well as other passionate people
who are whole heartedly devoted to sustaining the ecosystem. We wholeheartedly
thank all the contributors who have proficiency in this field of research for their
cutting edge, timely chapters and their help in making this book a successful
attempt.

This book should be immensely useful to bioscience and nanoscience specially
microbiologists, nanotechnologists, researchers, technocrats, and scientists of
microbial nanobiotechnology. I have honored that the leading researchers who
have extensive, in-depth experience and expertise in microbial system and
nanobiotechnology took the time and effort to develop these outstanding chapters.
Each chapter is written by internationally recognized researchers/professors so the
reader is given an up-to-date and detailed account of our knowledge of the
nanobiotechnology and innumerable applications of microbes.

I wish to thank Eric Stannard, Senior Editor, Springer; Antony Dunlap, Springer
Nature, USA; Rahul Sharma, Project Coordinator, Springer Nature; and
Santhamurthy Ramamoorthy, Project Manager, SPi Global, for generous assis-
tance, constant support, and patience in initializing the volume. Ram Prasad gives
special thanks to exquisite wife Dr. Avita for her constant support and motivations
in putting everything together. Dr. Prasad in particular is very thankful to Professor
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Ajit Varma, Amity University, for constant encouragement. And, also gives special
thanks to his esteemed friends and well wishers and all faculty colleagues of School
of Environmental Science and Engineering, Sun Yat-Sen University, China, and
AIMT, Amity University, India.

Guangzhou, China; Noida, Uttar Pradesh, India Ram Prasad
Dehradun, Uttarakhand, India Vivek Kumar
Ranchi, Jharkhand, India Manoj Kumar

Noida, Uttar Pradesh, India Devendra Choudhary
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Yadira Karina Reyes-Acosta, Margarita del Rosario Salazar-Sanchez,
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1.1 Introduction

An emulsion is a dispersion of liquid droplets in a second and different immiscible
liquid. There are different types of emulsions, and they are defined in terms of their
droplet size and other physical and thermodynamic properties. In general terms,
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2 A. Rubio-Rios et al.

Table 1.1 Different types of emulsions and their primary characteristics

Characteristics Macroemulsions Nanoemulsions Microemulsions
Droplet shape Spherical Spherical Spherical, lamellar
Droplet size 1-100 pm 20-500 nm 10-100 nm
Appearance Turbid Transparent Transparent
Droplet surface-to- | 0.07-70 70-330 330-1300
mass ratio (m?/g)
Stability Thermodynamically Thermodynamically Thermodynamically
unstable unstable stable
Weakly kinetically Kinetically stable
stable
Preparation method | High- and low-energy | High- and low-energy | Low-energy methods
methods methods
Polydispersity Often high (>40%) Typically low Typically low (<10%)
(<10-20%)

emulsions can be classified as classical emulsions (or macroemulsions), nanoemul-
sions, and microemulsions. Microemulsions are thermodynamically stable and are
formed spontaneously (McClements 2012); thus, changes in temperature and com-
position may affect them (Gupta et al. 2016). Macroemulsions and nanoemulsions
are both thermodynamically unstable; however, because they contain very small
droplets, nanoemulsions can be kinetically stable. In summary, the primary differ-
ences between the different types of emulsions are based on the droplet size range
and stability characteristics. These characteristics are listed in Table 1.1 (Gadhave
2014; Gupta et al. 2016).

In the particular case of nanoemulsions, some of the primary characteristics are
a large interfacial area; a transparent or translucent appearance; high solubilization
capacity; low viscosity; and high kinetic stability against sedimentation, flocculation,
and coalescence (Salvia-Trujillo et al. 2017). Nanoemulsions may remain stable
for anywhere from a few hours to years, depending upon the components and the
process used for their formulation; thus, stability is an important aspect of nano-
emulsion technology (Gadhave 2014).

Nanoemulsions are nonequilibrium systems that cannot be formulated spontane-
ously; it requires mandatory energy input from mechanical devices or from the
chemical potential of compounds (Gadhave 2014). Nanoemulsions are formed from
oil, water, and an emulsifier (Gupta et al. 2016). This means that they are a biphasic
dispersion of two immiscible liquids: either water-in-oil (W/O) or oil-in-water
(O/W) droplets stabilized by an emulsifier (commonly, an amphiphilic surfactant),
or a multiple water-in-oil-in-water (W/O/W) nanoemulsion (Singh et al. 2017). The
phase present in greater volume becomes the external phase. To predict the type of
nanoemulsion formed under certain conditions, the interaction of the components is
important; if the surfactant is water soluble it favors O/W emulsification, but if the
surfactant is oil soluble it favors W/O emulsification. Figure 1.1 presents the differ-
ent nanoemulsion types.
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Fig. 1.1 Different types of nanoemulsion: oil-in-water (O/W), water-in-oil (W/0), and oil-in-water-
in-oil (O/W/0)

Nanoemulsions usually contain 5-20% oil/lipid droplets in O/W emulsions, but
this proportion may be significantly larger (up to 70%). For drug applications, the
lipids/oils used are a function of the solubility of the drug and may be soybean oil,
sesame oil, cottonseed oil, safflower oil, coconut oil, or rice bran oil, for instance
(Singh et al. 2017). An appropriate emulsifier allows formation of small droplets, and
it is important in the stabilization of nanoemulsions by reducing interfacial tension and
the free energy required for droplet formation (Komaiko and McClements 2016).

The most common emulsifier used for preparation of nanoemulsions is a surfac-
tant, but proteins and lipids have also been used for this purpose (Gupta et al. 2016).
Some examples of the emulsifiers that are used are Tweens; Spans; egg, soy, or dairy
lecithin; whey protein isolate; caseinate; gum arabic; and modified starches
(Komaiko and McClements 2016).

Nanoemulsions are usually prepared in a two-step process. First, a macroemul-
sion is prepared, then it is converted into a nanoemulsion (Gupta et al. 2016). For
the nanoemulsion preparation, there are primarily two techniques: high-energy
methods and low-energy methods. These methods include high-pressure homogeni-
zation (HPH), ultrasonication, the phase inversion temperature (PIT) method, and
the emulsion inversion point (EIP) method. HPH and ultrasonication are high-
energy methods and consume significant energy (108-10'" W/kg), while low-energy
methods, such as the PIT and EIP methods, are based on spontaneous formation of
droplets; they use specific system properties to make small droplets by using low
energy (10° W/kg) (Gupta et al. 2016).

As presented above, the methods used for nanoemulsion formation can be clas-
sified as high energy and low energy (Gadhave 2014).

1.1.1 High-Energy Methods

(i) High-Pressure Homogenization: In this method, the oil-water—surfactant mix-
ture is subjected to very high pressure and pumped through a resistive valve.
The shear stress produced causes fine droplets.
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(ii) Ultrasonication: An acoustic field produces interfacial waves causing disper-
sion of the oil phase (as droplets) in the continuous phase. Later, ultrasound is
applied, and acoustic cavitation causes formation and collapse of microbubbles
by the pressure fluctuation of the sound waves. Finally, the turbulent microim-
plosions break up the droplets into a submicron size.

(iii) High-Speed Devices: In these devices, the energy provided gets dissipated,
generating heat. However, the dispersion in the nanoemulsions that are pro-
duced is not good.

1.1.2 Low-Energy Methods

(i) Phase Inversion Temperature: This method is based on changes in the solubility
of nonionic surfactants with temperature.

(ii) Spontaneous Emulsification: Using this method, the oil droplet diameter is a
function of the ratio between the excess oil and the water-soluble solvent.
The oil content that can be dispersed by this method is low.

(iii)) Membrane Emulsification: This method requires less surfactant and produces
emulsions with a narrow size distribution range.

(iv) Emulsion Inversion Point: In this method, the composition of the system
changes at a constant temperature. The structures are formed through dilution
with water or oil.

Nanoemulsions have applications in various industries, such as food, pharmaceu-
ticals, and cosmetics (Prakash et al. 2018; Singh et al. 2017; Chellapa et al. 2016;
Prasad et al. 2017). Depending on the application, they can be rendered into several
forms such as liquids, creams, sprays, gels, aerosols, and foams (Singh et al. 2017).

1.1.2.1 Nanoemulsions in Cosmetics

Nanoemulsions are used in the cosmetic industry because they are easily absorbed,
reducing water loss from the skin and providing rapid and effective penetration of
active ingredients into the skin as a result of the large surface area of the droplets
(Chellapa et al. 2016).

1.1.2.2 Nanoemulsions in Drug Delivery

Nanoemulsions are used as carriers for dermal and transdermal delivery of various
kind of medicaments. They may offer more flexible therapeutics (Rai et al. 2018).
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1.1.2.3 Nanoemulsions in Food

Nanoemulsions are used as delivery systems for lipids. Their optical clarity, good
physical stability, and high bioavailability are important characteristics for their uti-
lization in many foods and beverages (Komaiko and McClements 2016).

1.2 Stability of Nanoemulsions

Nanoemulsions are thermodynamically unstable systems and may break down over
time through a variety of instability mechanisms, e.g., gravitational separation,
coalescence, creaming, flocculation, and Ostwald ripening. This instability occurs
because the free energy of the separated oil and water phases is lower than that of
the nanoemulsion itself (Zeeb et al. 2015). Preparation of nanoemulsions typically
requires oil, water, an emulsifier, and energy input (mechanical or physicochemi-
cal). The free energy required (AG) to form a nanoemulsion is given by:

AG = My —TAS (1.1)

where A is the interfacial area, y is the interfacial tension, 7 is the temperature, and
S is the entropy. The term AAy is the free energy needed to increase the oil-water
interface, and TAS is the free energy associated with an increase in the number of
possible arrangements of droplets in the nanoemulsion, in comparison with the sep-
arated phases. In both emulsions and nanoemulsions, the change in entropy is not
great enough to overcome the free energy required to expand the interface; thus, the
process of emulsion or nanoemulsion formation requires some free energy input.
This free energy can be provided by mechanical devices or by the chemical poten-
tial of the system (Komaiko and McClements 2016).

A nanoemulsion can be kinetically stable by warranting that there is a suffi-
ciently large energy barrier between the two states (the nanoemulsion and the sepa-
rate phase). The energy barrier should be <20 kT to produce nanoemulsions with
long-term stability. This metastable state is governed by the energy barriers and
mass transport phenomena (McClements 2012). Physicochemical phenomena
determine the energy barrier that prevents the droplets from coming into close prox-
imity—for example, repulsive hydrodynamic and steric or electrostatic interactions
operating between droplets (McClements 2012). The DLVO (Derjaguin—Landau—
Verwey—Overbeek) theory predicts the energy barrier that two droplets have to
overcome to come close to each other and flocculate. The DLVO theory is the com-
bined effect of attraction forces (van der Waals) and repulsive forces (electric dou-
ble layer) (see Fig. 1.2). Flocculation is when droplets come closer to each other
because of attractive interactions and move as a single entity, and coalescence is
when droplets merge with each other to form bigger drops. In emulsions it is difficult
to distinguish between flocculation and coalescence (Gupta et al. 2016). Coalescence
is generally the dominant mechanism of destabilization for microemulsions; in the
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Fig. 1.2 Schematic representation of the DLVO (Derjaguin—Landau—Verwey—Overbeek) theory

case of nanoemulsions, coalescence is prevented. The small droplet size prevents
nanoemulsions from undergoing reversible aggregation mechanisms that, when
coupled to gravity, may accelerate coalescence because of the net increase in the
film contact duration. Nanoemulsions are protected against flocculation phenomena
because droplet adhesion decays with the droplet diameter. Hence, Ostwald ripen-
ing is the main nanoemulsion destabilizing process (Delmas et al. 2011).

O/W nanoemulsions consist of small spherical droplets of oil and surfactant mol-
ecules dispersed within an aqueous medium. The droplets consist of a hydrophobic
core (o0il) and surfactant tails, and a hydrophilic shell made up of surfactant head
groups. The nanoemulsion droplets are of a small size (100 nm) with a broad par-
ticle size distribution and a large surface area. The sphere has the lowest interfacial
area for a given volume of material, because of the relatively large Laplace pressure
(Eq. 1.2); in other words, nanoemulsion droplets trend to be spherical with high
curvature (Sharma et al. 2010) because their relatively high interfacial tension, the
small droplet radius (r), and the Laplace pressure increase favor a spherical shape.

AP =2V (1.2)
r

L

Ostwald ripening occurs because of the difference in the chemical potential of
the solute within droplets of different sizes. Because of the Laplace pressure, the
chemical potential of the dispersed phase is higher in smaller droplets than in larger
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ones, providing the driving force for mass transfer from the smaller droplets to the
larger droplets. Thus, the smaller droplets become smaller and the larger droplets
grow. As mass transfer occurs when the dispersed phase molecule travels through
the continuous phase, solubility of the dispersed phase in the continuous phase is a
critical factor affecting the Ostwald ripening rate. From first principles, Lifshitz and
Slyozov (1961) proposed the following rate equation for Ostwald ripening:

g 640C v'D ;
© 9RT

(1.3)
where 470 is the initial number average diameter, o is the interfacial tension, C., is
the solubility of the dispersed phase in the continuous phase, v is the molar volume

of the dispersed phase, D is the diffusivity of the dispersed phase in the continuous
phase, R is the ideal gas constant, and T is the system temperature. The Ostwald

ripening constant (@) is the second term of Eq. 1.3, and the rate of Ostwald ripening is
=, meaning that this destabilization mechanism is more prevalent in nanoemulsions

than in macroemulsions. Creaming is insignificant in nanoemulsions until the
droplet size increases to the order of a few microns as a result of Ostwald ripening,
flocculation, and coalescence (Delmas et al. 2011; Gupta et al. 2016).

d =\ o,
E(d)~= (1.4)

The ripening rate in O/W emulsions is directly proportional to the solubility of
the oil in the aqueous phase, the system composition, and environmental conditions.
Like the oil type, the surfactant type, relative concentrations, pH, ionic strength,
solvent type, temperature, applied forces, etc., can modify the kinetic stability for
commercial applications. For example, Delmas et al. (2011) used ultrasonication to
obtain nanoemulsion systems that could present very long-term kinetic stability.
They obtained a master curve by plotting the mean diameter size evolution as a
function of the sonication energy and also showed that Ostwald ripening is the main
destabilization mechanism, whereas coalescence can be easily prevented because of
the nanometric size of the droplets. Also, they found that addition of a second com-
ponent to the dispersed phase that is insoluble in the continuous phase can reduce
Ostwald ripening.

It is well known that the Ostwald ripening rate is reduced with an increase in the
surfactant concentration, which alters the interfacial structure and thereby creates an
interface with minimal free energy. Zdrali et al. (2017) investigated the stability and
molecular structure of oil nanodroplets in water stabilized with anionic, cationic,
neutral, or zwitterionic surfactants. They found that dilute anionic surfactant mono-
layers produce more stable nanodroplets than dilute cationic and dense geometri-
cally packed neutral surfactant monolayers. They proposed that the droplet stability
depends on interactions corresponding to charge—charge, charge—dipole, and hydro-
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gen bonding, because the difference between the extended planar interfaces and
nanoscale interfaces stems from a difference in the thermally averaged total charge—
charge interactions in the two systems.

Wooster et al. (2016) studied microemulsion-inspired approaches in the forma-
tion and stabilization mechanisms of homogenized triglyceride nanoemulsions.
They successfully reduced the droplet diameter and reduced the destabilization pro-
cess by addition of n-alcohol cosolvents and Span 80 cosurfactants. The n-alcohols
change the solvent quality near the interface and the curvature, dramatically reduc-
ing the interfacial tension. Also, they suggested that this effect is magnified by
n-alcohol partitioning behavior, and this tendency is associated with the head group
of polyoxyethylene (POE) surfactants. However, if n-alcohol is added in excess, it
leads to nanoemulsion destabilization; unusually for nanoemulsions, destabilization
does not occur via Ostwald ripening; coalescence has been found to be the primary
destabilization mechanism.

The development of biobased materials with smaller environmental impacts has
seen increased interest in recent years; because of that, nanoceullulose can be used
as a surfactant. Pickering emulsion, which is an emulsion stabilized by solid parti-
cles, offers a wide range of potential applications because it generally provides a
more stable system than surfactant-stabilized emulsions. Nanocelluloses efficiently
stabilize oil-water interfaces because of their amphiphilic surface nature, which
originates from the hydrophobic face and hydrophilic edge of cellulose chains
(Fujisawa et al. 2017). For example, Zhang et al. functionalized carboxylic acid
cellulose nanocrystals (CNCs) with different hydrophobic groups used to stabilize
styrene-in-water nanoemulsions. They found that the hydrophobic/hydrophilic bal-
ance of the functionalized CNCs was critical in lowering the interfacial tension
between oil and water, which allowed access to stable emulsions with droplet diam-
eters <l pm (Zhang et al. 2017). Also, Jiménez Saelices and Capron studied the
formation of O/W nanoemulsions stabilized by different types of nanocellulose.
They successful produced nanosized hexadecane droplets by using CNCs and
cellulose nanofibrils (CNFs) produced by 2,2,6,6-tetramethylpiperidine-1-oxyl
(TEMPO)-mediated oxidation (w-TCNF), and by decreasing the drop size to 100—
600 nm, using HPH (Jiménez Saelices and Capron 2018).

1.3 Formulation of Biobased Nanoemulsions

The formulation and understanding of nanoemulsions involve many scientific con-
cepts. These colloidal dispersions allow creation of formulations of stable nano-
emulsions, with the possibility of wide applications. Nanoemulsions are understood
as dispersed systems with nanosized liquid droplets (a dispersed phase) in a liquid
continuous phase; they are kinetically stable over long time scales and in a thermo-
dynamically unstable system (Gupta et al. 2016; Akbas et al. 2018). Improvements
in their formulation have allowed creation of advanced nanoemulsions that have
desirable functionality and controlled physical properties.
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Fig. 1.3 Overview of preparation of an oil-in-water (O/W) nanoemulsion

A variety of techniques are used to generate nanoemulsions from an emulsion,
through deformation and disruption of droplets and stabilization of the newly
formed interfaces. It is necessary to review these two stages and the process of
mechanical homogenization of an emulsion in order to discuss nanoemulsion
formulation.

At the first stage, a process of deformation and disruption of the monomer drops
is performed, which increases the specific surface area of the emulsion (Fryd and
Mason 2012). Mechanical stress must therefore be applied to form and nanoemul-
sion to disrupt and mix the oil and water phases. Mechanical homogenization of
emulsions can be achieved by different methods. Initially, it was done by simple
stirring, but high-energy and low-energy methods are now the most widely used
methods. At the second stage, stabilization of the new interface formed by the
surfactant takes place (Fig. 1.3).

Low-energy methods are based on oil-water—surfactant systems that achieve
spontaneous emulsification by mechanical mixing. Mechanical devices such as
high-pressure homogenizers, microfluidizers, and sonicators are capable of gener-
ating the high-energy densities required to form small droplets (Salvia-Trujillo
et al. 2017) in which the Laplace pressure is equal to or less than the osmotic pres-
sure for all drops once the homogenization process is finished. These devices are
based on applying highly disruptive forces with mechanical devices capable of
producing the break-up of oil droplets and dispersing them into the water phase
(Salvia-Trujillo et al. 2017). During sonication, the drop size decreases constantly
until it reaches a state of equilibrium. Initially, the polydispersity of the droplets is
maintained at a high level, but the constant fusion and fission processes that are
taking place make the polydispersity diminish, finally reaching a stable state.

Water, oil, and an emulsifier are the elementary components used to formu-
late a nanoemulsion. Their characteristics and concentrations determine the
final properties of the nanoemulsion. The formulation has a substantial effect
on the stability of the nanoemulsion, since this is affected by the volume fraction
of the dispersed phase, as well as use of an appropriate emulsifier (Salvia-Trujillo
et al. 2017).
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Considering that nanoemulsions are heterogeneous systems with minimal stabil-
ity, it is important to specify the physical condition of each of the immiscible phases
of the system. Nanoemulsions are classified into W/O and O/W types (Pengon et al.
2018), where the first phase that is mentioned represents the dispersed phase and the
second represents the continuous phase.

In a two-phase system, the presence of an interface confers a difference in forces,
which alters the energetic situation of the molecules at or near the interface, usually
giving molecules in that region higher net energy than those in the bulk. Preferential
adsorption of materials occurs because of the presence of the interface. Preparation
of a nanoemulsion requires formation of a large interfacial area between the two
immiscible phases, which is determined by the interfacial tension between the two
liquid phases. Lowering of the interfacial tension is necessary to obtain stable sys-
tems, because small droplet production is favored.

The physicochemical properties of a nanoemulsion are largely due to the aque-
ous phase composition, since this phase and its adequate control are determinants of
the physicochemical properties of the nanoemulsion, allowing achievement of
greater stability, formation, and suitable physicochemical properties. In most cases
the aqueous phase consists of water; however, other compounds can be used, such
as other polar components, carbohydrates, proteins, minerals, acids, and bases
(Salvia-Trujillo et al. 2017; McClements and Rao 2011).

The physicochemical characteristics of the oil phase—such as its viscosity, den-
sity, refractive index, and interfacial tension—affect the formation and stability of
nanoemulsions, in which droplets must be stabilized against molecular diffusion,
degradation, and coalescence by collisions. The oil droplet interactions are deter-
mined by the physicochemical characteristics of the oil phase and other factors,
such as the pH and ionic strength, which have an effect on the electrostatic interac-
tions of the droplets, varying the stability and droplet aggregation (Salvia-Trujillo
et al. 2017).

Use of an appropriate emulsifier agent in the aqueous phase facilitates formation
of small drops of oil, creating a stable nanoemulsion and avoiding thermodynami-
cally unstable system characteristics of a nanoemulsion. Stabilizers (emulsifiers)
plays a major role in the preparation and stabilization of a nanoemulsion, locating
themselves at the interface between the two phases and the active surface material
(which is soluble in one or both phases), and altering the interfacial characteristics
of the system. Their presence can reduce the energetic force driving coalescence by
lowering the interfacial tension and consequently helping to decrease the size of
droplets resulting from flow-induced rupturing, and forming a mechanical barrier
between drops. These properties protect oil droplets against breakdown due to grav-
itational separation, droplet aggregation, and Ostwald ripening by a short-range
repulsive interaction between surfactant-coated droplet interfaces even over very
long time scales, making nanoemulsions long-lived, metastable states (McClements
and Rao 2011; Salvia-Trujillo et al. 2017; Fryd and Mason 2012).

To improve homogenization, use of viscosity enhancers impedes the drop
movement that reduces the size of the oil droplets, as it increases the disruptive
shear stresses generated inside the homogenizer, producing changes in the long-
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term stability by decelerating gravitational separation and droplet collisions, in
addition to changing the texture of the nanoemulsion (Salvia-Trujillo et al. 2017,
McClements and Rao 2011).

The type or surfactant selected for nanoemulsion formulation has an impact on
the stability and properties of the nanoemulsion. Use of an emulsifier cover on the
surface of oil droplets results in physical stability (Pengon et al. 2018). If one cannot
get the emulsifier molecules to completely cover the surface of the drops, this will
result in increased surface tension, which will cause a loss of emulsion stability.

1.3.1 Nanoemulsion Droplet Size

The design for obtaining a nanoemulsion must consider appropriate conditions to
control the distribution of the drop size (the average radius and polydispersity),
since these characteristics are the ones that will ultimately confer properties suitable
for the intended application of the nanoemulsion. Since nanoemulsions are colloidal
dispersions with nanosized droplets (Pathakoti et al. 2017; Pengon et al. 2018) and
their main advantages and differences are derived from the nanosized structure of
the drops that are formed, it is relevant to evaluate the influence of mechanisms and
properties that have important effects on the characteristics and stability of the
emulsion. The small droplet size leads to an improvement in stability, gravitational
separation, and aggregation; moreover, the reduction in the droplet size and the
increase in the droplet surface area may increase the functionality of bioactive com-
pounds encapsulated in the nanoemulsion (Salvia-Trujillo et al. 2017).

The droplet size is the characteristic that gives nanoemulsions many advantages
such physical stability against gravitational separation and easy handling; the effect
of Brownian motion on the size of small droplets is enough to overcome their low
gravitational properties, improving this trait in nanoemulsions (Pengon et al. 2018;
Pathakoti et al. 2017). Having droplets in the nanosize range makes an emulsion
more stable in terms of gravitational separation and particle aggregation, and can
result in near transparency due to weak light scattering (Salvia-Trujillo et al. 2017).

The energy density required to break down oil droplets increases as their size
decreases, which means that high-energy input is required to form nanoemulsions.
The droplet size becomes roughly constant during ultrasonication but then decays
exponentially with increasing ultrasonication time. The droplet size distribution can
be better controlled by tuning the geometry of the homogenizer/microfluidizer
(Salvia-Trujillo et al. 2017; Gupta et al. 2016)

In emulsions, the size of the drop is determined by the density and solubility of the
dispersed phase, the aqueous density, and the amount of the emulsifier used. The initial
drop size is a function of the mechanical force used in the formation; from this, it fol-
lows that when ultrasonication is applied for a determined standard time, conservation
of the drop size and the stability of emulsion are governed by other factors. With an
increase in the ultrasonication time, the size of the drops decreases and consequently
the oil-water interface increases. Once that ultrasonication process ends, the emulsifier
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present in the medium is distributed throughout the interface to maintain a balance
between the surfactant and oil-water, and the water—oil interface.

The droplet size is also determined by the Laplace pressure, which increases
with a decrease in droplet size, producing a net mass flux by diffusion. If the drop-
lets are not stabilized against diffusional degradation, small ones will disappear,
increasing the average droplet size. Nanoemulsions are kinetically stable, but over
long time scales they will separate into different phases. The droplet size is one of
the most important factors affecting the dynamic stability of emulsions, and it is
affected by the physicochemical properties of the emulsion components, as well
as by the conditions of the process involving the use of such emulsions (Ricaurte
et al. 2018).

The surfactant concentration also influences the droplet size, as surfactants
decrease interfacial tension. The droplet size in a nanoemulsion decreases with an
increase in the concentration of the emulsifier. This phenomenon is able to limit the
number of emulsifier molecules emigrating from the oil phase to the aqueous phase
of the emulsion; there must be sufficient emulsifier present to cover the surfaces of
all oil droplets generated, preventing their coalescence (Salvia-Trujillo et al. 2017;
Pengon et al. 2018).

In the same way, lower viscosity and lower interfacial tension of the oil phase
facilitate droplet disruption in the homogenizer, resulting in a smaller droplet size.
A lower oil viscosity results in more rapid droplet disruption in the homogenizer,
facilitating the breakdown of the emulsion and creating a nanoemulsion system
(Salvia-Trujillo et al. 2017).

In recent years, different methods for obtaining stable nanoemulsions have been
reported. These include phase inversion composition, flow focusing, satellite droplets,
membrane emulsification, and liquid—liquid nucleation. Some methods offer the
advantage of producing highly concentrated nanoemulsions, which allow a greater
proportion of oleic phase in the obtained nanoemulsion (Fryd and Mason 2012).

The Ostwald ripening effect can be controlled with use of an appropriate formu-
lation. One reported method is the so-called two-component dispersed phase method
or the trapped species method, which involves mixture of a dispersed phase (which
is prone to Ostwald ripening after emulsification) with a second dispersed phase that
is practically insoluble in the continuous phase. This causes the second dispersed
phase liquid to become a species trapped inside droplets of the first dispersed phase
after emulsification and gives rise to an internal osmotic pressure that depends on
the concentration. Thus, as the first dispersed phase leaves the droplet, the increas-
ing osmotic pressure ultimately surpasses the increasing Laplace pressure of the
droplet, thereby stabilizing the droplet’s size and inhibiting any further net transport
(Fryd and Mason 2012).

Another method is evaporative maturation, which seeks to reduce the size of
nanoemulsions. This involves mixing a first volatile oil and a second nonvolatile oil
to form an emulsion in an aqueous solution of surfactant. After high-flux emulsifica-
tion, the first oil, which has a higher vapor pressure and low solubility in the con-
tinuous phase of the nanoemulsion, is evaporated, resulting in an increase in the
internal osmotic pressure caused by the second oil, which initially had a lower vapor



1 Biobased Nanoemulsions: Concept, Formulation, and Applications 13

pressure and very low solubility in the continuous phase. Finally, all the first oil can
be removed by evaporation (Fryd and Mason 2012).

Emulsifier combinations have also been employed to improve the formation
and stability of nanoemulsions. Likewise, amphiphilic active surface molecules in
combination with low-disruption energy methods have been investigated for use
as emulsion stabilizers as a function of the small size of the polar head group
(McClements and Rao 2011).

1.4 Applications of Biobased Nanoemulsions

1.4.1 Industrial Applications of p-Lactoglobulin and Dextran
in Food

In the food industry, proteins are of great importance for their functional properties,
such as emulsifying and foaming properties. These characteristics are studied to
obtain ingredients with new applications, with improvements in their functionality
through physical, chemical, or enzymatic treatments. However, because of the
methods used for protein modification, their use as food ingredients is limited.

1.4.2 pB-Lactoglobulin and Dextran Conjugates

The structure of proteins determines their functional properties, and their function-
ality can be altered by formation of a covalent bond between a polysaccharide and
the protein through modification of the stability and solubility of the protein—a
compound called a conjugate. It has two properties: the stabilizing power of the
polysaccharide and the emulsifying capacity of the protein (Dickinson and Galazka
1991; Hattori 2002; Horne and Rodriguez Patino 2003; Jiménez-Castafio et al.
2005a, b; Ganzevles et al. 2006, 2008). This protein modification can be achieved
by a Maillard reaction, an effective method by which the functional characteristics
of proteins are improved. This method does not require chemical catalysis, because
of the interaction between proteins and polysaccharides or monosaccharides
(Oliver et al. 2006).

Milk proteins are an important source of ingredients used in a wide variety of
products, because of their high essential amino acid content and functional versatil-
ity (Foegeding et al. 2002). Among the globular proteins in milk are f-lactoglobulin
(B-Lg), a-lactoalbumin (a-La), bovine serum albumin (BSA), and immunoglobu-
lins. B-Lg is the majority component and is largely responsible for the functionality
of the overall system. Numerous studies have reported improvements in the emulsi-
fying and stabilizing capacity of f-Lg when it covalently binds to a carbohydrate or
polysaccharide (Nagasawa et al. 1996; Chevalier et al. 2001a, b; 2002; Kalidas et al.
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2001; Sanchez and Renard 2002; Foegeding et al. 2002; Zhang and Foegeding
2003; Zhang et al. 2004; Dunlap and Co6té 2004; Schmitt et al. 2005a, b; Sanchez
et al. 2006; Wooster and Augustin 2006; Chobert et al. 2006; Gloria 2006; Guzey
and McClements 2006; Montilla et al. 2007; Schaink and Smit 2007; Broersen et al.
2007; Medrano et al. 2009).

1.4.3 Effects of Glycation on Solubility and Thermal Stability
of p-Lactoglobulin

Jiménez-Castafio et al. (2007) reported that conjugates obtained by a Maillard reac-
tion with B-Lg and dextran 10 kDa (D10) or dextran 20 kDa (D20) improve protein
solubility at pH 5, but the effects are reduced at pH 4 (Fig. 1.4). It is known that
glycosylation of B-Lg with monosaccharides and disaccharides changes the solubil-
ity of the protein to require a more acidic pH. This effect is observed after glycosyl-
ation of f-Lg with dextran 43 KDa (Chevalier et al. 2001a, b; Jiménez-Castafio et al.
2005a, b), resulting in a change in the isoelectric point of the conjugates to more
acidic pH values (Hattori et al. 1996, 1997). Other studies have shown that glycosyl-
ated f-Lg has greater thermal stability at pH 7 and pH 5 than p-Lg under the same
conditions, but without the presence of dextran (Fig. 1.4b, c) (Jiménez-Castafio
et al. 2007). Finally, at pH 5 the solubility of glycosylated f-Lg is much higher than
that of the native protein at temperatures above 80 °C.

Dextran-modified B-Lg has greater solubility than heated B-Lg in the reported pH
ranges (Jiménez-Castafio et al. 2005a, b). The protective effect of glycation
decreases the solubility due to heating by lowering its pH to 4. This behavior can be
explained by the change in the isoelectric point of the modified protein, which may
be due to a reduction in the number of positive charges and an increase in the nega-
tive net charge of the protein. This fact minimizes the solubility, which changes to a
lower pH, explaining the increase in solubility at pH 5 in comparison with the
heated p-Lg sample (Chevalier et al. 2002).

Glycosylation of p-Lg with D10 and D20 provides improved solubility of these
compounds in the region of the isoelectric point of the native protein, which represents
an advantage for its use as a food additive, since glycosylation improves thermal
stability at pH acids that are pH neutral (Jiménez-Castafio et al. 2007).

1.4.4 Interfacial and Dilatation Properties

The increase in surface pressure as a function of the adsorption time indicates that
protein is being adsorbed at the air—water interface (Graham and Phillips 1979;
Damodaran and Song 1988). The magnitude of the adsorption phenomenon is
dependent on the presence of dextran in the continuous phase, the molecular weight
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Fig. 1.4 Solubility (a), thermal stability at pH 7 (b), and thermal stability at pH 5 (c) of native
p-lactoglobulin (3-Lg), dry-heated p-lactoglobulin, and glycosylated p-lactoglobulin (at 60 °C and
at 0.44 aw for times corresponding to the maximum glycation level). aw water activity, D10 dex-
tran 10 kDa, D20 dextran 20 kDa, 7 system temperature, 736 at 36 h, 60 at 60 h. (Reprinted from
Jiménez-Castafio et al. 2007, Copyright (2007), with permission from Elsevier)

of the polysaccharide, and the glycosylation process (Dickinson and Izgi 1996;
Nagasawa et al. 1996; Galazka et al. 1997; Akhtar and Dickinson 2003; Dunlap and
Coté 2004; Jiménez-Castafio et al. 2005a, b; Gloria 2006; Jung et al. 2006; Wooster
and Augustin 2006; Zhu et al. 2008; Vardhanabhuti and Allen Foegeding 2008).

1.4.5 Effects of the Glycation Process at pH 7 and pH 5

The presence of heat-treated protein in the mixture is a positive factor in increasing
surface activity over a short time period as a result of increased diffusion, and over
a long time period as a result of increased surface pressure at the “equilibrium.” On
the other hand, the mixture favors speed of diffusion of the protein toward the inter-
face and an increase in surface activity at the “equilibrium.” However, it is necessary
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Fig. 1.5 Effects of the glycation process. Variation of the interfacial pressure (x) over time () of
the protein-adsorbed films B-lactoglobulin ($-Lg), conjugate 1 (see panel A1) and conjugate 2 (see
panel A2), and their control mixtures of f-lactoglobulin and dextran 10 kDa (C-$-Lg-D10) and
B-lactoglobulin and dextran 20 kDa (C-f-Lg-D20), over the air—water interface at ionic strength (/)
0.05 M, system temperature (7) 20 °C, and pH 7. 100 at 0 h, 36 at 36 h, 160 at 60 h

to point out that this favorable effect is more significant for proteins conjugated to
polysaccharides of a lower molecular weight (D10) (Fig. 1.5, panel A1) than those
conjugated to high molecular weight polysaccharides (D20) (Fig. 1.5, panel A2).
This behavior can be reaffirmed with the values of the kinetic constants of the first
adsorption stage (Fig. 1.5); for conjugate 1, the glycosylation process leads to an
increase in diffusion (B-Lg+D10 at O h (t00) versus B-Lg+D10 at 36 h (t36)),
whereas for conjugate 2 this process leads to an appreciable decrease in the values
of the kinetic constants of adsorption at this first stage (B-Lg+D20-t00 versus
B-Lg+D20 at 60 h (t60) versus C-f-Lg+D20-t60).

The diffusion of glycosylated products is lower as a result of their degree of con-
jugation, the increase in molecular weight, the change in pH, and the shielding of
the hydrophobic groups of the conjugated protein. Both conjugates (Fig. 1.5) have
less surface activity than their respective controls where glycosylate is not present.
The same trend can be seen at the first adsorption stage (Fig. 1.6).

The possible explanation for this difference in behavior between the formed gly-
cosylates must be related to the structural characteristics of the covalent conjugates
formed between p-Lg and D10 or D20. In this regard, studies by Jiménez-Castafio
et al. (2007) have determined that higher glycosylation levels are achieved with use
of D10 than with use of D20; that is, for each mole of B-Lg, 3.92 moles of D10 are
linked, and for each mole of B-Lg, 1.4 moles of D20 are linked.

In addition, studies of fluorescence emission spectra have shown that glycosyl-
ation with dextrans decreases the fluorescence intensity of -Lg, which has been
attributed to a shielding effect of the polysaccharide chain (Hattori et al. 1996, 1997;
Jiménez-Castaiio et al. 2005a, b). A greater decrease in this intensity was observed
in the conjugate of f-Lg with D20 than in the conjugate with D10, despite the higher
degree of glycosylation in the latter. Therefore, these results could suggest that in
the glycosylate formed with D20, this polysaccharide, with its larger molecular size
(Wong et al. 2009), is capable of exerting a greater shielding effect on hydrophobic
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residues (Dickinson and Semenova 1992) such as tryptophan. Therefore, glycosyl-
ate has a lesser tendency to be adsorbed at the interface, as its surface hydrophobic-
ity is partially “shielded” (Cairoli et al. 1994). Such a hypothesis would be supported
by the fact that conjugate 2 has a lower diffusion velocity (over short periods) and
lower surface activity (over long periods).

These results indicate that the best interfacial properties detected (increased dif-
fusion) when the protein is previously heat treated do not significantly influence its
foaming characteristics; that is, the diffusion rate and rheological characteristics of
the film formed with native protein are already good enough to stabilize the system
during its formation. The same behavior can be seen in Fig. 1.7, where an increase
in the diffusion value does not lead to an increase in the value of the total foaming
capacity (OFC).

Both conjugates are more stable at both pH 7 and pH 5 than their respective con-
trol systems. In this order of ideas, the systems in which glycosylated products are
usually present, with respect to their respective control systems (a mixture of f-Lg
and heat-treated dextran), lower or equal diffusion velocities, lower surface activity,
and lower dilation module values at pH 7 but higher values at pH 5.

It has been widely commented in the literature that covalent complexes formed
between B-Lg and dextran are capable of forming emulsified systems with excellent
stability (Dickinson and Galazka 1991; Kato 2002; Akhtar and Dickinson 2003;
Dunlap and Coté 2004). The explanation for this fact lies in the increased steric
stabilization provided by the voluminous part corresponding to the polysaccharide,
which is oriented toward the aqueous phase.

The presence of this type of adsorbed glycosylate in the air—water interface of a
bubble will result in the appearance of greater steric interaction forces between
adjacent bubbles than when the interface is stabilized only by protein.

1.4.6 Nanoemulsion of Essential Oils

Essential oils are highly complex mixtures of often hundreds of individual aroma
compounds that are poorly soluble in water and have a pleasant odor and taste.
Moreover, essential oils have been recognized as GRAS (Generally Recognized as
Safe) by the US Food and Drug Administration (2018).

Plant essential oils have been used for many years in food and pharmaceutical
products for their antifungal, antimycotic, and pest control properties. In fact, their
antifungal effectiveness has attracted growing interest from researchers for use as
food preservatives. The essential oils most widely employed as natural food preser-
vatives are cinnamon, clove, lemongrass, oregano, thyme, nutmeg, and basil. There
are very good reviews available regarding applications of biobased nanoemulsions
(Donsi and Ferrari 2016; Ribes et al. 2017; Prakash et al. 2018).

Essential oils exert strong antibacterial, antiviral, and antifungal effects, stimu-
lating their application also as natural antimicrobials in food and beverage products
(Burt 2004). Essential oil nanoemulsions have been tested in vitro against different
microorganisms ranging from bacterial cells to fungi, as shown in Table 1.2, which
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summarizes the main investigations reported to date, classified in terms of microor-
ganism species, active components, and formulations used.

Tables 1.3, 1.4, and 1.5 summarize microemulsions and nanoemulsions that have

been synthesized using essential oils and have demonstrated potent antibacterial,
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Table 1.3 Antibacterial activity of essential oil microemulsions and nanoemulsions

Nanoemulsion
Essential oils Microorganisms formulations References
Glycerol monolaurate | Bacillus subtilis, Tween 20 Fu et al. (2006)
Escherichia coli Tween 80
Pentanol
Dodecane
Staphylococcus aureus Tween 20 Zhang et al.
Tween 80 (2007)
1-Pentanol
1-Dodecane
Staphylococcus aureus, Tween 80 Zhang et al.
Escherichia coli Propionic acid (2010)
Staphylococcus aureus, Tween 40 Zhang et al.
Bacillus subtilis, Ethanol and (2010)

Escherichia coli

sodium diacetate

Soybean oil,
tri-n-butyl phosphate

Salmonella spp.,

Escherichia coli 0157:H7 (VT-),
Pseudomonas aeruginosa,
Listeria monocytogenes

Trixton X-100

Teixeira et al.
(2007)

Ethyl oleate Staphylococcus aureus, Tween 80 Al-Adham et al.
Salmonella spp., n-Pentanol (2000, 2003)
Escherichia coli 0157:H7 (VT"),
Pseudomonas aeruginosa,
Listeria monocytogenes

Eugenol Escherichia coli O157:H7, Surfynol 485 W | Gaysinsky et al.
Listeria monocytogenes (2007)

Clove oil Staphylococcus aureus, Tween 20 Hamed et al.
Bacillus cereus, (2012)
Escherichia coli 0157:H7,
Pseudomonas aeruginosa,
Salmonella typhi,
Listeria monocytogenes

Basil oil Escherichia coli, Tween 80 Ghosh et al.
Staphylococcus aureus (2013b)

Tea tree oil Staphylococcus aureus, Tween 80 Biju et al. (2005)
Staphylococcus epidermidis, Glycerol
Propionibacterium acnes

Sunflower oil Staphylococcus aureus, Surfactin Joe et al. (2012)
Bacillus cereus, Ethanol
Bacillus circulans,
Escherichia coli,
Salmonella typhi,
Vibrio parahaemolyticus

Cinnamon leaf oil Listeria monocytogenes, Tween 80 Ghosh et al.
Bacillus cereus (2013a)

(continued)
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Nanoemulsion
Essential oils Microorganisms formulations References
Black seed oil Staphylococcus aureus, Tween 20 Shaaban and
Bacillus cereus, Edris (2015)
Salmonella typhimurium,
Escherichia coli,
Pseudomonas aeruginosa,
Listeria monocytogenes
Monocaprim Campylobacter jejunii Tween 40 Thormar et al.
Ethanol (2006)
Monolaurin Bacillus subtilis, Tween 20 Fu et al. (2009)
Escherichia coli Pentanol
Dodecanol
1-Monoacylglycerol | Staphylococcus aureus subsp. Tween 80 Petra et al. (2014)
of capric (C:100), aureus, Pentanol
undecanoic (C11:0), | Enterococcus faecalis,
lauric (C12:0), and Micrococcus luteus,
myristic (C14:0) acids | Bacillus cereus,
Bacillus subtilis subsp. subtilis,
Escherichia coli,
Pseudomonas aeruginosa
Carvacrol Salmonella enteritidis, Tween 20/ Shaaban and
Serratia marcescens subsp. cetylpryridinium | Edris (2015)
marcescens, chloride
Citrobacter freundii, Propylene glycol
Staphylococcus aureus,
Escherichia coli,
Pseudomonas aeruginosa,
Bacillus cereus,
Salmonella typhimurium,
Listeria monocytogenes
Sage oil Escherichia coli, Tween 80 Moghimi et al.
Salmonella typhi, Span 80 (2016a)
Shigella dysenteriae
Thyme oil Escherichia coli Tween 80 Moghimi et al.
(2016b)
Orange oil Saccharomyces cerevisiae Tween 80 Sugumar et al.

(2016)

Adapted from Franklyne et al. (2016), Copyright (2016), with permission from John Wiley and

Sons
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Table 1.4 Antifungal activity of essential oil nanoemulsions
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Essential oils | Microorganisms Nanoemulsion formulations References
Glycerol Aspergillus niger Tween 20, Tween 80, pentanol, | Fu et al. (2006)
monolaurate dodecane
Candida albicans, Tween 40, ethanol, sodium Zhang et al. (2010)
Aspergillus niger, diacetate
Penicillium expansum
Monolaurin Aspergillus niger, Tween 20, pentanol, dodecanol | Fu et al. (2009)

Penicillium digitatum

Sunflower oil | Candida sp., Surfactin, ethanol Joe et al. (2012)
Penicillium sp.,
Aspergillus niger,
Rhizopus nigricans,
Aspergillus flavus
Clove oil Penicillium digitatum | Tween 80, ethanol He et al. (2016)
Orange oil Saccharomyces Tween 80 Sugumar et al.
cervisiae (2016)

Adapted from Franklyne et al. (2016), Copyright (2016), with permission from John Wiley and Sons

Table 1.5 Roles of microemulsions and nanoemulsions as drug delivery vehicles

Nanoemulsion Antimicrobial
Essential oils | formulations agents Microorganisms References
Sefsol-218 Tween 80, Tween 85 | Rifampicin Ahmed et al.
(2008)
Caprylic/capric | HCO-50, benzyl Itraconazole Rhee et al.
triglycerides alcohol (2007)
Sunflower oil | Soy lecithin, Carvacrol Escherichia coli, Donsi et al.
Nutralys® F85M, d-Limonene Lactobacillus (2012)
sucrose palmitate, Cinnamaldehyde | delbrueckii,
Tween 20, glycerol Saccharomyces
monooleate cerevisiae
Miglyol 812 Tween 80 Carvacrol Zygosaccharomyces | Chang et al.
bailii, (2013)
Saccharomyces
cerevisiae,
Brettanomyces
bruxellensis,
Brettanomyces
naardenensis
Soybean oil Triton X-100 Cetylpyridinium | Acinetobacter Hwang et al.
chloride baumannii (2013)
Isopropyl Tween 80, propylene | Amphotericin B | Trichophyton Butani et al.
myristate glycol rubrum (2014)
Cinnamon oil | Tween 80 Fluconazole Nirmala et al.
(2013a)
Tween 20 Fluconazole Nirmala et al.
(2013b)
Tween 20 Fluconazole Nirmala et al.
(2013b)

Adapted from Franklyne et al. (2016), Copyright (2016), with permission from John Wiley and Sons
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antifungal, and antiviral activities. Antimicrobial resistance is a major health con-
cern worldwide. A narrowing of the antibiotic development pipeline and a resur-
gence in public enthusiasm for “natural” therapies have renewed interest in using
essential oils as antimicrobial agents and their role as drug delivery vehicles
(Aboalnaja et al. 2016; Franklyne et al. 2016; Salvia-Trujillo et al. 2017)

1.5 Conclusions

The field of nanoemulsion technology is still growing, since nanoemulsions offer
many application opportunities because of their desirable physical properties and
chemical compositions that can be achieved by their formulation constituents and
processes—such as control over the drop size, polydispersity, and functionality—
offering significant advantages for a wide range of applications. Nanoemulsions can
be used in the cosmetic, pharmaceutical, food, and other industries because of the
adaptability of their formulations as foams, creams, liquids, and sprays.
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2.1 Introduction

Nanotechnology is a fast-growing field that provides for the development of materials
that have new dimensions, novel properties, and a broader array of applications
(e.g., Achari and Kowshik 2018; Agarwal et al. 2018; Jampilek and Kral'ova 2015,
2017a, b, 2018a, b; Prasad et al. 2017a, b; Sekhon 2014; Ventola 2017). It is regarded
asone of the key technologies of the twenty-first century. U.S. National Nanotechnology
Initiative defines nanoparticles (NPs) in the range 1-100 nm (National Nanotechnology
Initiative 2008). NPs and nanoformulations can be prepared from both inorganic and
organic materials (e.g., Bhushan et al. 2014; Singh 2015; Jampilek and Kral'ova
2018a; Pisarcik et al. 2018). As mentioned above, nanoscale materials change prop-
erties and behavior of all materials, and thus, a variety of industrial, agricultural,
pharmaceutical, and medical products have been improved and innovated in such a
way (e.g., Dolez 2015; Patra et al. 2018; Sekhon 2014).

In modern agriculture, the main form of control of diseases and agricultural pests
is performed using agrochemicals. However, extensive and intensive use of these
compounds has resulted in environmental contamination, development of resistance
in some species, decreased food safety, and side effects in nontarget organisms
(Aktar et al. 2009; Fountain and Wratten 2013; Prasad et al. 2014, 2017a). To
address these issues, the development of nano-based pesticides and also the utiliza-
tion of bio-based pesticides have become an important research tool (Campos et al.
2016,2018; Hayles et al. 2017; Hemraj 2017; Kah et al. 2018; Jampilek and Kral'ova
2015, 2017a, 2018c, 2019a), and the application of nanofertilizers results in
increased nutrient use efficiency in crop production (Achari and Kowshik 2018;
Jampilek and Kralova 2017c; Raliya et al. 2018). Nanoemulsions (NEs) showing
desirable physico-chemical characteristics have been extensively studied as carriers
for pesticide delivery (Wang et al. 2007; Knowles 2008; Hayles et al. 2017; Hazra
et al. 2017).

However, nanotechnology is increasingly being applied also in medicine and in
theranostic and drug delivery (Prasad et al. 2016, 2017b). By encapsulation into nano-
formulations, sustainable release of drugs as well as reduction of the required drug
amount could be obtained, and nanomaterials represent also an alternative approach
to treating and mitigating infections caused by resistant bacteria (e.g., Jampilek
et al. 2015; Jampilek and Kral'ova 2017b, 2018a, 2019b, c; Pentak et al. 2016; Patra
et al. 2018; Prasad et al. 2018).

In the food sector, the nanotechnologies are used for food protection, including
nanocomposites for protection of fruits, vegetables, cheese, dairy products, meat,
or fish, in smart active packaging, responsive packaging, or edible coatings, and
like that significantly contribute to enhanced food quality (Prasad et al. 2017c¢).
Moreover, they found wide application also as nanosensors (e.g., Chellaram et al.
2014; Jampilek and Kralova 2015, 2018b; Malhotra et al. 2014; Mihindukulasuriya
and Lim 2014; Singh et al. 2017a).

For preparation of bio-based NEs, many compounds of natural origin, including
encapsulated active ingredients (e.g., essential oils (EOs)), but also plant oils for NE
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oil phase (e.g., palm oil, rapeseed oil, sunflower oil, etc.) (e.g., Raviadaran et al.
2018; Kaci et al. 2018; Abdou et al. 2018), emulsifiers, biosurfactants, or cosurfac-
tants (e.g., Quillaja saponin, phospholipids, lecithin, gum arabic, pectin, whey pro-
tein, lactoferrin, lactoferrin/alginate) (Bai et al. 2016; McClements and Gumus
2016; Ozturk et al. 2014, 2015; Liu et al. 2017; Verma et al. 2016; Artiga-Artigas
et al. 2018; Zhao et al. 2018a; Pinheiro et al. 2016), or targeting ligands on the sur-
face of NE such as folate (Liu et al. 2017; Ganta et al. 2016; Afzal et al. 2016a),
increasing drug bioavailability, reducing undesirable side effects, minimizing non-
specific uptake, and thus allowing specific targeting to certain target cells are used.
Targeting technology usually utilizes the nanocarrier functionalization, which can
be surface modification (e.g., Attia et al. 2017; Liu et al. 2017) and/or ligand graft-
ing (e.g., Geng et al. 2016). Chitosan (CS)-based NE coatings are used to enhance
mucoadhesive properties (Fachel et al. 2018; Mendes et al. 2017; Kumar et al. 2009)
as well as antimicrobial activity of these nanoformulations (Marei et al. 2018;
Severino et al. 2014, 2015), and also pectin, sodium caseinate, and carrageenan
(Abdou et al. 2018; Qian and McClements 2011; Alarcon-Alarcon et al. 2018) are
used as NE coatings.

This chapter is focused on the use of NEs in agriculture, with the main emphasis
on formulations encapsulating EOs or plant extracts suitable as effective pesticide
preparations as well as medicinal applications of bio-based NEs, where attention is
paid to transdermal NE formulations, the use of NEs in cancer therapy and for pul-
monary and ocular drug delivery. NEs formulated with natural emulsifiers, biosur-
factants, and biopolymers are presented, and bio-based NEs of EOs and their
constituents as well as NEs with encapsulated vitamins, fatty acids, and some bioac-
tive compounds are discussed. Applications of NEs in edible coatings are outlined
as well.

2.2 Nanoemulsions and Methods of Their Preparations

Nanoemulsions (NEs) are biphasic dispersions of two immiscible liquids: either
water in oil (W/O) or oil in water (O/W) droplets stabilized by an amphiphilic sur-
factant, whereby very small emulsion droplets (generally oil droplets in water) with
sizes in the order of 100 nm (usually <500 nm) and occurring from a thermody-
namic point of view in a non-equilibrium state, are characterized by slow kinetics of
destabilization, and therefore, they could be considered as kinetically stable. Small
size of NEs results in convenient features such as high surface area per unit volume,
robust stability, optically transparent appearance, and tunable rheology (Anton and
Vandamme 2011; Gupta et al. 2016; Singh et al. 2017b; Sabry and Ragaei 2018).
Very small size of NEs pronouncedly contributes to the prevention of droplet floc-
culation and coalescence, and thus, the destabilizing process is governed alone by
the Ostwald ripening (Anton and Vandamme 2011). As the destabilization of NE
occurs due to the change in the droplet size by Ostwald ripening, surface function-
alization of NEs could be used to stabilize the O/W interface during emulsification
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(Qadir et al. 2016). NEs prepared using biocompatible and biodegradable constitu-
ents could be used in medicine and food industry for drug/active ingredient encapsu-
lation, and sustained and controlled release of encapsulated compounds also belong
to their advantages.

On the other hand, according to the [IUPAC definition, the microemulsion (ME)
is “dispersion made of water, oil, and surfactant(s) that is an isotropic and thermo-
dynamically stable system with dispersed domain diameter varying approximately
from 1 to 100 nm, usually from 10 to 50 nm, whereby the term “oil” refers to any
water-insoluble liquid” (Slomkowski et al. 2011).

In general, NEs could be formulated using so-called “high-energy” methods that
utilize specific devices (e.g., ultrasound generators or high-pressure homogenizers)
supplying enough energy to increase the W/O interfacial area for generating
nanoscale droplets or by “low-energy”” methods, in which spontaneous emulsification
without requiring any device or energy generate nanoscale droplets (e.g., Jaiswal
et al. 2015; Hakansson and Rayner 2018; Hadziabdic et al. 2017). The high-pressure
homogenization, microfluidization, sonication or ultrasonic homogenization, jet
disperser high-amplitude ultrasonic method, or membrane emulsification belong to
the high-energy methods used for preparation of NEs. The high-energy methods
are designed to supply the energy required for emulsification by subjecting it to a
disruptive hydrodynamic stress, that is, laminar or turbulent shear or cavitations
(e.g., Hakansson and Rayner 2018; Hadziabdi¢ et al. 2017). For example, a dual-
channel microfluidization is a suitable method to fabricate fine NEs with high oil
loading levels, which may be advantageous for many commercial applications,
while the single-channel method was found to be effective only at producing NEs at
relatively low oil concentrations (10%) (Bai and McClements 2016). In -carotene
NEs prepared by microfluidization technique, droplet size decreased from 416.0 to
97.2 nm with increasing microfluidization pressure, number of cycles, and emulsi-
fier concentration, and as the optimum conditions for fabricating such NEs, homog-
enization pressure of 120 MPa and three cycles were estimated (Jo and Kwon 2014).
Abbas et al. (2013) outlined the principles and production technology of high-
intensity ultrasound, analyzed the role of acoustic cavitation in the preparation of
food-grade O/W NEs, and discussed technical hurdles, issues, and future prospects
of this technology.

Low-energy transitional emulsification methods to prepare NEs based on phase
transitions of nonionic surfactants (PEGylated surfactants) related to a sudden change
in their relative solubility in the oily phase and aqueous phases were overviewed by
Anton et al. (2018). Spontaneous emulsification is a low-energy method that simply
involves addition of an organic phase (oil + surfactant) into an aqueous phase, and the
produced droplet size is affected by surfactant-to-oil ratio, surfactant type, surfactant
location, and oil type (Komaiko and McClements 2015). The catastrophic phase
inversion method for fabrication of NE is based on gradually diluting, under mild flow
conditions, one liquid (such as water) with another immiscible liquid (such as oil)
until phase inversion occurs, and a NE is formed (e.g., O/W) that could be used to
encapsulate many active compounds (Perazzo and Preziosi 2018).
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2.3 Nanoemulsions Applicable in Agriculture

The primary object of preparing chemical pesticide colloids is to significantly
increase the apparent solubility of these molecules in water and consequently the
delivery of the active compound homogeneously to the pests and/or plants. However,
recent research has shown that the production of these colloids can also improve
other properties of pesticides, such as bioavailability and increased physico-
chemical stability, and promote sustained release (Bhattacharyya et al. 2016).

Pesticides formulated with NEs use less organic solvents when compared with
conventional formulations (emulsifiable concentrate) (Chin et al. 2012) and also
have lower surfactant concentration (between 3% and 10%) than microemulsions
(20% or higher) (McClements 2012). In comparison to the emulsions, the advantages
of the NEs due to the small droplet size are the greater spreadability, wettability, and
superior mechanical stability (McClements 2012). Consequently, NEs incorporating
pesticides settle evenly on the leaves of plants. Some studies have shown that NE
improves the solubility of poorly water-soluble pesticides, resulting in the increasing
of bioactivity of the pesticides in comparison with conventional pesticides (Leng
et al. 2014; Wang et al. 2017).

Using a Quillaja saponin as a natural surfactant, Kumari et al. (2018) prepared
and characterized thymol NE. The authors tested the antibacterial activity of the NE
against Xanthomonas axonopodis pv. glycine, which is the organism responsible for
bacterial pustule disease in soybean. The most stable NE was produced with 50 min
of sonication and resulted in a NE with mean diameter 274 + 2 nm, polydispersity
index (PDI) 0.1, and zeta potential —31 mV. Thymol NE showed strong antibacte-
rial activity, and no bacterial colony was observed in the concentration range of
0.02-0.06 (v/v) of NE as compared to control and thymol and saponin. The inci-
dence of the disease was evaluated in vivo, and the results showed that the control
plants and plants treated with thymol and saponin alone presented a higher disease
incidence (64-78%), while lower disease incidence (3.3-29%) was observed in
plants treated with thymol NE. Treatment with NE also resulted in enhancements of
plant growth.

In the study by Lim et al. (2013), the authors prepared and characterized a water-
soluble herbicide formulation based on NEs of glyphosate isopropylamine. The her-
bicidal activity was evaluated against three weeds: Asystasia gangetica, Diodia
ocymifolia, and Paspalum conjugatum. They found that the glyphosate NEs showed
a lower spray deposition in all species when compared to a commercial formulation
(Roundup®). However, after 14 days of the treatment, the injury rates of the weeds
treated with NE were similar to those observed with plants that were treated with
commercial formulation. The similar herbicidal activities of NE and the commercial
formulation, even with the lower NE deposition, could be attributed to potentiation
of the biological activity when glyphosate was formulated as NE.

In another paper, Du et al. (2016) described the preparation and characteriza-
tion of O/W NEs using laurate as oily phase and a mixture of two surfactants,
alkyl polyglycoside (AL) and polyoxyethylene 3-lauryl ether (PLE). In order to
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evaluate the potential application of the NEs, a model insoluble molecule,
B-cypermethrin, was incorporated into the NEs. Two NEs were analyzed, the first
one containing laurate/AL:PLE(6:4)/water in a ratio 10:5:85, and in the second
one, this ratio was 20:6:74. NE prepared with the lowest laurate concentration
showed lower mean diameter (~110 nm) in comparison with NE prepared with
higher concentration of laurate (~200 nm). However, in both cases, there were no
significant changes in droplet size between the NEs prepared with and without
B-cypermethrin. Even after dilution of the B-cypermethrin, the NE remained as single
phase and homogeneous. After dilution, an increase in droplet size was observed.
As consequence, diluted NE showed excellent wetting and spreading properties on
the hydrophobic surface.

Badawy et al. (2017) prepared O/W NE with an insecticide (diazinon) using
Tween® or lecithin as surfactants. In the prepared optimized NE, the dependent
variables were droplet size, PDI, dynamic viscosity, and pH. NE prepared using
synthetic surfactant (Tween®) showed a size droplet varying from 30 to 138 nm and
PDI values from 0.084 to 0.256. The NEs prepared using natural surfactant (lecithin)
showed a broader range of droplet size varying from 56.2 to 920.2 nm and also
broader range of PDI values (0.122-0.946). Diazinon NE prepared using Tween®
showed low viscosity ranging from 2.33 to 21.33 cP, whereas viscosity of lecithin
NE incorporating diazinon were higher (55-1039.33 cP). Both NEs prepared with
natural or synthetic surfactant showed an acid pH value. In another study aiming to
NE applications in agriculture, Zhao et al. (2017) developed and characterized a
positive charged O/W NE as a carrier system for lambda-cyhalothrin and evaluated
the influence of addition of externally ionic liquids on Z-average, size distribution,
zeta potential, viscosity, and stability of the NEs. The measurement of contact
angles of NEs on wheat leaves (Triticum aestivum) was evaluated. The zeta poten-
tial of the NE was affected by the addition of ionic liquids with different alkyl
chain length. Increases in alkyl chain length resulted in a change of droplet charge
from negative to positive. The droplet size showed no increases in diameter after
90 days of storage, and NE exhibited a non-Newtonian fluid behavior. NE showed
a tough adsorption on negative surface decreasing the contact angle on wheat leaves.
The addition of ionic liquids provided an increase in the stability due to electro-
static repulsion, and the NE could be considered as a potential carrier system for
agrochemicals.

Choupanian et al. (2017) studied the preparation and characterization of neem
oil NE and evaluated the increase in the NE stability by addition of two nonionic
surfactants (naturally based polysorbate and alkyl polyglucoside). The biological
activity of neem oil NE was evaluated against two important pests of stored prod-
ucts: Sitophilus oryzae (L.) and Tribolium castaneum (Herbst). All NEs showed a
droplet size ranging from 200 to 600 nm, and the formulation, which showed
higher ratio of nonionic surfactants, had smaller droplet size in comparison to the
formulations showing the same composition of surfactants, however with lower
concentration. The addition of nonionic surfactants resulted in increases in viscos-
ity of the NE. Both pests treated with 1% of NE showed 100% of mortality after
2 days of treatment, except for the NE with higher droplet size (507 nm) causing
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85% and 74% mortality of S. oryzae and T. castaneum, respectively. However, all
NEs showed more toxic effects against both pests compared with free neem oil and
Neemix®.

Diaz-Blancas et al. (2016) prepared O/W NEs entrapping tebuconazole using
nonionic surfactant (Tween® 80) or AG54, which is a surfactant composed by a mix-
ture of nonionic and anionic amphiphilic components. According to a pseudo-ternary
diagram, the phase equilibrium area was achieved in the range of 0.49-0.90, 0.01-
0.23, and 0.07-0.49 of organic phase, aqueous phase, and surfactant, respectively.
The viscosity of both NEs depended on aqueous phase percentage and showed the
same behavior. When the concentration of the aqueous phase increased from 4 to
30 wt%, a 4-fold decrease in the viscosity was observed, whereas increase in aqueous
phase concentration from 30 to 50 wt% resulted in viscosity increase; however, NE
prepared with Tween® 80 showed higher viscosity than NE fabricated with AG54.
The droplet size of the NE containing Tween® 80 was 9 + 1 nm, and the size remained
constant with the increase of concentration in aqueous phase from 1 to 50 wt%.
In contrast, NE produced with AG54 showed a strong dependence on the aqueous
phase concentration up to 20 wt%. However, further increases in the percentage of
the aqueous phase did not influence the size droplet that remained around 250 nm.

Hazrati et al. (2017) studied O/W NE containing Satureja hortensis essential oil
(EO) and evaluated the herbicidal activity of the NE against worldwide weeds
Amaranthus retroflexus and Chenopodium album. The NE showed a droplet size of
92.7 +2.6 nm and PDI 0.29 +0.01, and after 30 days of storage, an increase of mean
diameter and a decrease in PDI were observed. Under laboratory conditions, the
germination percentage showed a dose-dependent response, and the best germina-
tion inhibition was observed for the concentration 800 pL/L NE. In this assay, the
root elongation was more affected in comparison with shoot elongation. In green-
house assays, a decrease in growth of the plants in a dose-dependent manner was
observed as well. In addition, a decrease in chlorophyll content and increase in rela-
tive in electrolyte leakage 5 days after the treatment were estimated, which could be
attributed to cell membrane disruption and increased membrane permeability. This
NE presented herbicidal activity against weeds due to the presence of carvacrol that
is a phenolic monoterpene showing strong phytotoxic effects.

Feng et al. (2016) evaluated the effect of adding the aqueous phase to the organic
phase and vice versa, as well as the initial location of the surfactant (organic phase
or aqueous phase) on the stability of NE using p-cypermethrin as pesticide model.
According to the authors, the NE stability depended strongly on the emulsification
process. NEs in which the emulsifier agent was diluted in organic phase showed
higher stability than NEs in which it was diluted in aqueous phase. In addition, the
most stable NE was prepared by adding the organic phase containing the emulsifier
in the aqueous phase. This NE showed a droplet size of 166 nm and PDI of 0.16.
Mossa et al. (2017) fabricated NEs of camphor EO and evaluated their insecticide
activity against Sitophilus granaries. NEs were produced with fixed concentration
of camphor oil (5%), different ratios of Tween® 20 (w/w), and different sonication
time. Optimized NEs were achieved at a ratio 1:1.5 of Tween® 20-camphor EO and
40 min of sonication, showing a droplet size of 99.0 + 0.605 nm and remained
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unchanged during 3 months of storage. Both camphor EO and NE showed insecti-
cidal activity against S. granaries in a dose-dependent manner. After 72 h of expo-
sure to the highest concentrations of the NE tested (250 and 300 pg/g), 100% of
insect mortality and reduction in the progeny (98% and 100%) was observed, and
higher concentration of the free EO was necessary to reach the same effect.
The estimated LCs, for EO and NE were 282.01 pg/g and 181.49 pg/g, respectively.
The insect mortality caused by EO was increased by 36.5% when this oil was incor-
porated into the NE.

In addition, Fernandes et al. (2014) developed a NE with an extract consisting of
the apolar fraction from fruit extract of Manilkara subsericea and evaluated its
insecticidal activity against Dysdercus peruvianus. The best oil phase was found to
be octyldodecyl myristate that was able to solubilize equal amount of apolar extract
(1:1 w/w). Optimized emulsion was composed of the apolar extract (5%), surfac-
tants (5%), octyldodecyl myristate (5%), and water phase (85%). The NE without
extract showed a droplet size of 57 + 0.3 nm and zeta potential of —59.6 £ 4.1 mV,
while the NE containing the extract showed an increase in mean diameter
(155.2 + 3.8 nm) and a decreased zeta potential value (—47.4 + 3.2 mV). The mortality
of the insects treated with NE containing the extract that started in the first day
reached 12.23 + 0.58%, after 30 days of exposure was enhanced to 44.43 + 6.66%.
It could be mentioned that NE containing extract did not induce effect against ace-
tylcholinesterase or mortality in mice.

In order to improve the permeability and efficiency of delivery of antibacterial
(ampicillin) into the citrus phloem by foliar spray, Yang et al. (2015) designed a NE
using eight adjuvants. Among the adjuvants tested, Brij® 35 showed the highest
increases (3.33-fold) in the cuticular permeability when compared with control
(water). Two O/W NEs were prepared with different physicochemical properties;
however, both formulations showed good thermodynamic stability. One NE showed
droplet size of 5.26 + 0.04 nm and pH value 7.76 + 0.03 (NE-1), and another one
had higher droplet size (94 + 1.48 nm) and higher pH value (8.31 = 0.05) (NE-2).
After addition of the adjuvant (Brij® 35) to both NEs, a laboratory assay with
Bacillus subtilis was performed in order to evaluate the antibacterial activity. The
NEs showed higher inhibitory zone diameters of 5.75 and 6.6 mm for NE-1 and
NE-2, respectively, in comparison with Brij® 35 alone (4.34 mm) and free ampicil-
lin (2.83 mm). In addition, in vivo assays also showed that the NEs were more effi-
cient at suppressing or eliminating Las bacterium when compared with free
ampicillin and Brij® 35 alone.

Ali et al. (2017) developed NEs containing neem and citronella oil using a
method of low-energy spontaneous emulsification. Antifungal activity of NEs was
evaluated against two phytopathogenic fungi Rhizoctonia solani and Scletotium
rolfsii. Optimized primary emulsion for both oils was achieved using the ratio of oil,
surfactant, and water of 0.50:1:8.50. This primary emulsion was employed to make
neem NE with diverse amounts of citronella oil (0.5-5%) or citronella oil NE with
diverse amounts of neem oil (0.5-5%). Neem NEs with different percentage of cit-
ronella oil showed a droplet size varying between 11.23 + 3.86 nm and
17.80 = 4.52 nm, whereas citronella oil with diverse amounts of neem oil showed a
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droplet size varying between 8.12 + 2.80 nm and 12.04 + 3.74 nm. In vitro antifun-
gal activity of the different NEs against R. solani and S. rolfsii was screened by
poisoned food method. Neem NE with the highest percentage of citronella oil and
citronella NE with the highest percentage of neem oil showed the best antifungal
activity against the both fungi tested. The estimated LCs, related to R. solani were
13.67 and 25.64 mg/L, and those related to S. rolfsii were 14.71 and 20.88 mg/L,
respectively, for neem NE and citronella NE, respectively.

Liu et al. (2011) studied O/W NEs composed of different mixture of nonionic
surfactant polyoxyethylene 3-lauryl ether (Cj;E;) and anionic surfactant dipotas-
sium monododecyl phosphate (MAPK) containing the insecticide bifenthrin.
According to the authors, the most stable emulsion was achieved with a mixed ratio
of 6:4 (MAPK:C,E;) and 10 wt% surfactant mixture. The NE showed a droplet size
of 200.7 nm that increased after 180 days of storage to 218.6 nm but phase separa-
tion was not observed. Pant et al. (2014) prepared NEs of eucalyptus oil and evalu-
ated the potentiation of their insecticidal activity by addition of the aqueous filtrate
of Pongamia glabra and Jatropha curcas. Insecticidal activity was estimated against
Tribolium castaneum that is an important pest of stored grains. Four formulations,
all containing the same composition and the same concentration of eucalyptus oil
(10% w/lw), were prepared, whereby the only component that varied was the
aqueous filtrate concentration of karanja and jatropha (0%, 20%, 49%, and 60%).
The droplet size of the NEs decreased with increasing concentration of the aque-
ous filtrate in the formulation. NE produced only with water as continuous phase
showed the highest PDI (0.8), while the NE with 20% of aqueous filtrate showed
PDI of 0.113, which increased to 0.278 at the highest concentration of aqueous fil-
trate utilized. The percentage of insecticidal activity of T. castaneum did not show
significant difference among all formulations tested; however, it was observed a
significant decrease in the value of LCs, from 5.49 mg/L estimated for the NE with-
out plant aqueous filtrate to 0.1646 mg/L for the NE with 60% of aqueous filtrate.
In addition, the volatilization of the eucalyptus oil was stabilized in the NE with
aqueous filtrate.

Sharma et al. (2018) evaluated NEs prepared using nonionic surfactants and con-
taining a mixture of two EOs, clove oil and lemongrass oil, for antifungal activity
against Fusarium oxysporum f.sp. lycopersici (FOL). Optimized formulation con-
tained 5% of a blend of clove oil and lemongrass oil (1:1), 10% of surfactant mix-
ture (Tween® 20-CoE-40, 7:3), 5% propylene glycol, and 80% water. This NE
showed droplet size 76.73 + 4.8 nm, PDI 0.207 + 0.02, and viscosity
26.9 = 1.9 cP. Such NE was more efficient (48.5% more fungistatic activity) in
inhibiting the mycelial growth (MIC 4000 mg/L) in comparison with free oil mix-
ture (MIC 7000 mg/L). In addition, NE showed more pronounced fungicidal activ-
ity (5000 mg/L) than free oil mixture (9000 mg/L) against FOL, whereby the
nanoemulsion disrupted the membrane integrity of FOL.

Hashem et al. (2018) developed a NE containing Pimpinella anisum L. EO and
evaluated its insecticidal activities against Tribolium castaneum adults and progeny.
The NE showed a droplet size of 198.9 nm, PDI 0.303, zeta potential of —25.4 mV,
and low viscosity 0.8872 cP. Adult mortality increased proportionally with increas-
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ing NE concentrations as well as time of exposure, while the number of progeny and
grain weight showed gradual decrease. After 12 h, there was 81.33 + 0.08% of adult
mortality and reduction of 70.85% if the progeny when exposed to 10% NE, and the
LCs, value after 72 h of exposure was 9.84%. The NE adhered to different parts of
the insect body, such as the head, thorax, abdomen, elytra, mouth, and legs. In addi-
tion, the NE caused a distinct kind of alteration in the midgut cells of the insects.
Abd-Elsalam and Khokhlov (2015) prepared eugenol NE using Tween® 20, a non-
ionic surfactant, and water as continuous water phase and evaluated its antifungal
activities in vitro and in vivo against Fusarium oxysporum f. sp. vasinfectum (FOV)
isolates. Eugenol NE showed a droplet size of 80 nm, spherical shape, and no
increases in droplet size after 30 days of storage at room temperature (25 °C). In
vitro antifungal activity (zone inhibition) showed that among the four FOV tested,
the NE was more efficient against DQO86833 (5 cm) and AY264267 (4.5 cm) at
application of 2% NE, whereas treatment with 5%, NE inhibited the mycelial
growth of all FOV isolates. Fungal morphology was also affected by the NE, and
reduction in the size and number of conidiospores and reduction in hyphae pigmen-
tation were observed.

As a summary, in literature, there are many examples of systems with potential
to be used in agriculture, however, a lot of work are necessary to become all initia-
tives in products to be used in crop protection.

2.4 Nanoemulsions Applicable in Medicine

NEs as stabilized heterogeneous systems of two immiscible liquids have a great
potential in various biomedical applications; especially, they are very attractive
for drug delivery. Encapsulation in particular lipophilic drugs leads to the forma-
tion of therapeutic nanoformulations providing modification of bioavailability,
alternative administration routes, release of drugs, and, thus, a reduction of the
required drug amount (e.g., Jampilek et al. 2015; Jampilek and Kral'ova 2017b,
2018a, 2019b, c; Pentak et al. 2016; Patra et al. 2018; Prasad et al. 2017b, 2018,;
Tayeb and Sainsbury 2018).

2.4.1 Transdermal Nanoemulsion Formulations

Drugs with low oral bioavailability due to the first pass metabolism are good candi-
dates for transdermal delivery. Transdermal permeation of majority drugs is hin-
dered by the upper layer of the epidermis (stratum corneum); therefore for topical
delivery of drugs, chemical permeation enhancers that are able to make the stratum
corneum more permeable for drugs and reduce the primary skin barrier by different
mechanisms are used. In addition, physical methods (e.g., sonophoresis, iontopho-
resis, electroporation, microneedles, etc.) can be used to increase permeability of
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drugs (Jampilek and Brychtovd 2012). For enhancing epidermal and dermal drug
deposition, also nanoscale drug delivery systems, including NEs, are widely applied
(Igbal et al. 2018). Although the skin represents a natural physical barrier against
particle penetration, the therapeutic NPs could be delivered especially in diseased
skin and to the openings of hair follicles (Prow et al. 2011), and good candidates for
transdermal delivery are drugs with low oral bioavailability due to the first pass
metabolism. It is advantageous that NEs are vehicles acting also as transdermal
permeation enhancers without utilizing additional permeation enhancers (Shakeel
et al. 2010).

The progressive advancement in the delivery of drugs via NE with special refer-
ence to the dermal and transdermal administration and the most suitable semisolid
dosage forms for the particular type of NEs (O/W, W/O, and others), including the
effects of particle size and zeta potential on the delivery of drugs through dermal or
transdermal route, was overviewed by Rai et al. (2018). Low viscosity of NEs that
might be unsuitable for topical application could be overcome by hydrogel-thickened
NEs using thickening polymer, e.g., CS (Barradas et al. 2017). Challenges and
future prospects of NEs as a drug delivery system were presented by Yukuyama
et al. (2017). Applications of NEs in the field of dermatology highlighting the
advantages over the other dermatological therapies connected with increased con-
tact surface area by the particle size, which leads to increased drug efficacy, were
overviewed by de Souza et al. (2018). For example, Salim et al. (2016) discussed the
potential of drug-loaded NEs for the treatment of psoriasis to achieve better efficacy
and eliminate side effects and noted that the delivery and penetration of a drug
through the psoriasis skin layer could be enhanced by a small droplet size. Nastiti
et al. (2017) in their review paper focused their attention on the composition and
characterization of MEs and NEs for topical and transdermal delivery and the mech-
anism of skin delivery across stratum corneum and via hair follicles.

Nanoemulgels that are basically O/W NEs gelled with the use of some gelling
agent in it, in which the gel phase in the formulation is nongreasy and stabilizes the
formulation through reduction in surface as well as interfacial tension, could be
considered as a novel transdermal delivery system that is able to overcome poor oral
bioavailability of drugs, more specifically target to the site of action, can avoid first-
pass metabolism, and relieve the user from gastric/systemic incompatibilities
(Choudhury et al. 2017). In nanoemulgels, the NE containing drug is incorporated
into a gel base. Lipophilic drugs could be easily incorporated, and the skin perme-
ability of the incorporated drugs can be enhanced in several folds due to the finely
distributed droplets of NE phase resulting in notably improved pharmacokinetic and
pharmacodynamic profiles of the lipophilic drugs. Consequently, nanoemulgel for-
mulations could be considered as potential and promising candidates for topical
delivery of lipophilic drugs in the future (Sengupta and Chatterjee 2017). A review
paper of Pawar and Babu (2014) is devoted to various lipid materials (vegetable oils,
fatty acids, fatty alcohols, medium chain glycerides, and fatty acid esters) used in
the preparation of NEs for topical and transdermal drug delivery.

Integral NEs with particle size of 80 nm can diffuse into but not penetrate the
viable epidermis; however, they can efficiently fill the whole hair follicle canals and
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reach as deep as 588 pm underneath the dermal surfaces and the “cargos” released
from the NEs diffuse into the surrounding dermal tissues. On the other hand, NEs
with mean particle size of 500 nm cannot penetrate the stratum corneum and can
only migrate along the hair follicle canals, while NEs with median size, e.g.,
200 nm, show moderate transdermal permeation effect (Su et al. 2017). Capsaicin
O/W NEs with droplet sizes 20-62 nm were reported to permeate all skin layers
from the stratum corneum to the dermis (Kim et al. 2014a).

Permeation flux of antifungal drug fluconazole from optimized drug-loaded
olive oil NEs through artificial skin was approximately 3-fold higher than the con-
trol (Ansaril et al. 2017). A testosterone transdermal delivery system developed
using a palm oil base (HAMIN™) with particle sizes 97-774.0 nm was tested using
in vivo skin permeability test, and it was found that testosterone was well absorbed
with a mean C,,x and T,,,x of 60.94 ng/mL and 2.29 h after in vivo application on
rabbit skin indicating that such nanoformulation could have great potential for topi-
cal delivery of testosterone (Haron et al. 2015). The optimized clove oil-based
olmesartan NE (droplet size of 53.11 + 3.13 nm, PDI 0.335 + 0.008) showing a
1.23-fold increase in the bioavailability compared with oral formulation of drug due
to better permeation through rat skin could be used as an antihypertensive dosage
form for effective transdermal delivery of olmesartan (Aqil et al. 2016). O/W NEs
containing the skin penetration enhancer oleic acid or eucalyptol as oil pronouncedly
enhanced the skin penetration of encapsulated caffeine and naproxen compared to
their aqueous control solutions. Caffeine maximum flux enhancement was con-
nected with a synergistic increase in both caffeine stratum corneum solubility and
skin diffusivity, while increased solubility in the stratum corneum was the dominant
determinant for higher naproxen fluxes (Abd et al. 2016). Transdermal NE formed
of 2% Foeniculum vulgare Mill. EO, 5.6% oleic acid, 68% S, (1:1), and distilled
water showed a high potential of reducing plasma glucose levels in rats that contin-
ued for 7 days after a single topical application of a dose of 120 mg/kg of fennel EO,
bringing glucose to normal levels in diabetic rats (Mostafa et al. 2015a). O/W NEs
containing minoxidil, an antihypertensive vasodilator, and the skin penetration
enhancer oleic acid or eucalyptol as oil phases pronouncedly enhanced drug perme-
ation through skin compared with control solutions. Minoxidil retention in the stra-
tum corneum and deeper skin layers was promoted to higher extent with eucalyptol
NEs, while oleic acid formulations gave the greatest hair follicle penetration. The
increases in both minoxidil stratum corneum solubility and skin diffusivity in both
nanoemulsion systems were reflected in drug maximum flux enhancement con-
nected with enhanced fluidity and disruption of stratum corneum lipids (Abd et al.
2018). NEs containing isoflavone-rich soybean extracts that are considered as
promising skin antiaging products due to their antioxidant activity could be applied
as suitable topical formulations to protect skin from UVA/UVB oxidative damage
(Back et al. 2018). Antioxidant hydrogels containing an Achyrocline satureioides
extract-loaded NEs aimed at topical application were found to be suitable to protect
the porcine ear skin against oxidative stress generated by UVA/UVB light (Balestrin
et al. 2016). Brownlow et al. (2015) developed vitamin E-enriched NE vehicles
loaded with genistein for chemoprevention against UVB-induced skin damage
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showing enhanced dermal delivery of the drug. Also Nam et al. (2018) developed
W/O NE (diameter of <5 nm) that contained nitric oxide (NO) by mixing surfactant
with vitamin E antioxidant body oil (Product No. 04800, Cococare, Dover, NJ) and
NaNO; solutions. After spreading of this NEs with NO on penis skin of the middle-
aged dogs, blood NOx concentration in the penis increased, resulting in penile
erection without any notable topical and systemic side effects, suggesting that such
W/O NEs could be used in noninvasive medication for patients suffering in erectile
dysfunction with low response to phosphodiesterase type 5 (PDES) inhibitors such
as Viagra® or Cialis®.

Formulations of hydrogels containing negatively or positively charged Copaiba
oil NEs exhibited anti-inflammatory effects, which was reflected in mouse ear edema
(69% and 67%) and rat paw edema inhibition (32% and 72%) and decrease of inflam-
matory factors, such as dermis and epidermis hyperplasia and inflammatory cells
infiltration in histological cuts were estimated as well (Lucca et al. 2018). Skin per-
meation with the positively charged Copaiba oil NEs increased 3-fold the retention
of the major component in copaiba oil, f-caryophyllene, in the epidermis, and also
in the receptor fluid compared to the negatively charged NEs (Lucca et al. 2017).
Coffee oil-algae oil-based NEs with a particle size of 30 nm, zeta potential —=72.72 mV,
and 100% encapsulation efficiency (EE) of docosahexaenoic acid (an important
component of algae oil) applied at dose of 0.1% efficiently mitigated trans-epider-
mal water loss, skin erythema, melanin formation, and subcutaneous blood flow in
animal experiments and were found to inhibit the growth of melanoma cells B16-
F10 (ICsy: 26.5 pg/mL) and arrest the cell cycle G/M phase, whereby the apoptosis
pathway of melanoma cells may involve both mitochondria and death receptor
(Yang et al. 2017).

Transdermal administration of nanogel based on optimized catechin NEs showed
sustained release profile of catechin and enhanced photoprotection potential due to
its improved permeability as well as bioavailability compared to the conventional
gel, and it could represent an effective strategy for decreasing UV-induced oxidative
damage in the skin tissues (Harwansh et al. 2016). Natural pentacyclic triterpenes-
loaded NEs showed greater ability to inhibit inflammation than NEs loaded with the
synthetic mixture of triterpenes (Alvarado et al. 2015).

NEs of CS oleate encapsulating a-tocopherol with particle size of 220 nm were
reported to be suitable for topical application in wound healing (Bonferoni et al.
2018). Astaxanthin (ASX)-loaded carboxymethyl CS functionalized NE formula-
tion with spherical droplets showing mean diameter >100 nm and a small negative
surface charge exhibited higher ASX chemical stability and skin permeability
than ASX NEs and ASX solution and was characterized with low cytotoxicity
(Hong et al. 2017).

Genistein-loaded cationic NEs (mean droplet size of ca. 200-300 nm) prepared
by spontaneous emulsification and using hydroxyethyl cellulose as a thickening
agent (at 3%) showed considerable increase of drug retention in mucosa compared
to the genistein propylene glycol solution and exhibited antiherpetic activity in vitro
against herpes simplex virus 1 (HSV-1, strain 29R) (Argenta et al. 2016). Factorial
design applied to the optimization of lipid composition of topical antiherpetic NEs
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containing isoflavone genistein was presented by Argenta et al. (2014). The
10,11-methylenedioxycamptothecin loaded hyaluronic acid (HA) NEs were
reported to perform desirable skin permeable capacity across human keloid skin,
whereby the drug was transferred directly to keloid lesion area. The growth-
inhibitory effect was further clarified upon cell cycle regulation, which arrested
cells at G4/S and prevented them entry into mitosis (Gao et al. 2014).

NEs with co-encapsulated C6 ceramide (0.35%) and paclitaxel (0.50%) containing
tributyrin delivered 2- and 2.4-fold more paclitaxel into viable skin layers of porcine
skin in vitro at 4 and 8 h post-application than the MEs and 1.9-fold more C6 ceramide
at 8 h, whereby the drugs were co-localized mainly in the epidermis. The ECs, values
related to melanoma cells viability estimated for individually encapsulated paclitaxel
and ceramide in NEs were 4- and 13-fold lower than for unencapsulated formulation,
and at co-encapsulation of both active ingredients, synergic effect was observed,
because further decrease of ECs, by 2.5—4.5-fold was estimated, and calculated com-
bination index also indicated a synergistic effect. Topical application of NEs on 3D
bioengineered melanoma models for 48 h stimulated marked epidermis destruction,
and only few cells remained in this layer (Carvalho et al. 2017).

The olein-based p-D-glucan-loaded NE prepared using ultrasound exhibited higher
antioxidant activity as compared to free antioxidant B-D-glucan (Alzorqi et al.
2016). In sulpiride ME formulations containing glyceryl monooleate, Labrafil, and
Avocado as oily phases, drug solubility increased to 43.35 mg/mL with drug content
>97%, and based on pharmacodynamic performance and antipsychotic activity of
sulpiride, this formulations could be used as antipsychotic nasal drug delivery to
overcome sulpiride low oral bioavailability (Ayoub et al. 2016). Optimized eugenol-
NE prepared using Tween® 80 and Labrasol® as surfactant and cosurfactant, respec-
tively, showing hydrodynamic diameters of 89.98 + 6.48 nm, PDI of 0.238 + 0.021,
and zeta potential of —10.05 = 0.11 mV were found to enhance the transdermal
delivery of eugenol without causing skin irritation (erythema and edema) in vivo
suggesting their potential to be used in wound healing and anti-inflammatory treat-
ments (Ahmad et al. 2018a). The NE containing cumin EO/oleic acid and Tween®
20/ethanol (2:1) showed high phenolic encapsulation efficiency and remarkable
cumulative phenols permeation through rat skin as well as high in vitro and in vivo
antioxidant efficiency and provided high hepatoprotective potential and reserved
rats’ body weight after a period of 7 days of a single transdermal application
(Mostafa et al. 2015b).

Staphylococcus aureus treated with optimized NE containing eucalyptus oil as
organic phase, water as continuous phase, and nonionic surfactant, Tween® 80, as
emulsifier prepared by 30-min sonication and showing the mean droplet diameter of
3.8 nm resulted in complete loss of viability within 15 min of interaction, and the
membrane of treated bacterial cells was damaged. This NE was not irritant and
exhibited higher wound contraction rate in Wistar rats with respect to control and
neomycin-treated rats (Sugumar et al. 2014).

The optimized W/O NE of thiocolchicoside (TCC), an effective therapeutic agent
against the orthopedic, traumatic, and rheumatologic disorders, containing in ratio
1:1 linseed and sefsol (propylene glycol caprylate) as the oil phase, showed mean
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globule diameter of 117 nm, PDI of 0.285, and the steady-state flux (J;) and perme-
ability coefficient (K,) of 30.63 + 4.18 pg/cm?h and 15.21 x 10~ = 2.81 cm%h,
respectively, in in vitro permeation experiment using porcine skin suggesting that
W/O NEs, which are compatible with the lipophilic sebum environment of the hair
follicle, facilitate the transport of TCC, which might be predominantly transfollicular
in nature (Kumar et al. 2016).

Curcumin (CUR) NE for transdermal application with mean droplet diameter,
PDI, and zeta potential of optimized NE 85.0 £ 1.5nm, 0.18 £0.0,and — 5.9 +0.3 mV,
respectively, notably improved the permeation flux of CUR from the hydrophilic
matrix gel Viscolam AT 100P (sodium polyacryloyldimethyl taurate, hydrogenated
polydecene, polyoxyethylene), whereby NE formulation not only improved CUR
permeability but also protected the drug from chemical degradation (Rachmawati
et al. 2015). CUR-loaded NE (droplet size of 41.13 + 3.34 nm and zeta potential of
—33.1 + 1.45 mV) that was incorporated into gel using Carbopol® 980 (1% w/v) and
tested on Freund’s complete adjuvant-induced arthritic rat model after topical appli-
cation of CUR-NE gel in Wistar rats showed substantial reversal of arthritic symp-
toms suggesting that the nanoformulation could exhibit therapeutic effects locally
in inflammatory arthritic disorders with improved topical bioavailability (Naz and
Ahmad 2015). Study of CUR distribution in neonate pig skin using CUR-loaded
myristic acid microemulsions showed dermal CUR accumulation (326 pg/g skin)
and transdermal CUR penetration (87 pg/cm?/d). CUR encapsulated in ME inhib-
ited bacterial growth of Staphylococcus epidermidis (ECsy of 0.86 pg/mL) and was
found to be 12-fold more effective than CUR dissolved in dimethyl sulfoxide sug-
gesting that such MEs could be used as alternative treatment for S. epidermidis-
associated diseases and acne vulgaris (Liu and Huang 2012).

NEs composed of propylene glycol, Transcutol®, water, Labrasol®, Plurol
Oleique®, isostearyl isostearate, oleic acid, and p-limonene with incorporated imip-
ramine or doxepin in the NE system (3% w/w) were tested for an analgesic and
anti-allodynic activity at transdermal delivery of drugs, and it was found that in vivo
analgesic and anti-allodynic activity in rats was stronger for the doxepin-loaded NE
suggesting that such nanoformulation could be an alternative analgesic therapy with
a potential clinical application (Sandig et al. 2013).

NEs consisting of monoammonium glycyrrhizinate, Span® 80, Brij® 35, isopro-
pyl alcohol, soybean oil, and distilled water were reported as appropriate vehicles
for transdermal delivery of glycyrrhizin through human cadaver skin, and while
excipients of NEs acted as permeation enhancers themselves, the use of additional
permeation enhancers was not necessary (Harwansh et al. 2011).

2.4.2 Nanoemulsions for Cancer Therapy

Surface modification of nanocarriers could contribute to their enhanced functions in
imaging, targeting, and delivery, increase drug bioavailability, reduce undesirable
side effects, and minimize non-specific uptake, thus allowing specific cancer
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targeting to certain target (Yu and Zhang 2009). NEs in the translational research
and their role in targeted cancer therapy were summarized by Ganta et al. (2014).
The current status of NEs in the cancer therapeutics and commercial field on the
basis of morphology, formulation, characteristics, and characterization parameters
was overviewed by Sahu et al. (2017). Sasikumar and Kamalasanan (2017) ana-
lyzed the possibilities of exploring NE platform for targeted drug delivery to pros-
tate cancer. Recent advances in lipid nanocarriers, including NEs, applicable in the
fight against cancer were summarized by Jampilek and Kral'ova (2019b).

Zhao et al. (2018b) reported that woody oil-based emulsive nanosystems could
efficiently deliver poorly soluble natural alkaloids resulting in increases in the sensi-
tivity of lung cancer cells. O/W cinnamon oil NE (40.52 nm) and vitamin D encap-
sulated cinnamon oil NE (48.96 nm) showed anti-cancerous activity in human
alveolar carcinoma cells; they induced DNA damage along with corresponding
increase in micronucleus frequency, arrested the cell cycle progression in Gy/G,
phase, and showed increased expression of Bax, capase-3, and caspase-9 and
decreased expression of BcL2 proteins along with considerable increase in apoptotic
cell population and loss of mitochondrial membrane potential (Meghani et al. 2018).
The antitumor potential of both O/W NE with encapsulated vitamin K, (VK,) and
NE incorporating VK, with a ligand conjugate sialic acid-cholesterol (showing
enhanced affinity toward the membrane receptors overexpressed in tumors) anchored
on the surface was evaluated in S180 murine sarcoma tumor cells. It was found that
i.v. or intragastric administration of VK, NE to syngeneic mice with subcutaneously
established S180 tumors resulted in considerable tumor growth suppression, higher
effect being observed with surface-modified NE, and both NEs were nontoxic
(Shi et al. 2018).

Ahmad et al. (2018b) reported that the optimized silymarin NE with mean par-
ticle size of 21.24 nm reduced the cancer cell viability, increased the intensity of
reactive oxygen species (ROS) and chromatin condensation, and could be consid-
ered as an efficient carrier for oral delivery of silymarin against human hepatocel-
lular carcinoma without damaging normal cells. Methyl jasmonate loaded NE with
mean droplet size of 75.06 nm and PDI 0.017 was found to be more effective in
killing cancer cells; it induced a stronger sub-G; arrest than methyl jasmonate solu-
tion and showed a considerable absence of toxicity in human umbilical vein endo-
thelial cells (Habibi et al. 2017). The ECs, values related to cytotoxic activity against
A549 tumor cell line (human lung carcinoma) estimated with pure Casearia sylves-
tris Sw. extract and its NE were 4.0 pg/ mL and 1.0 pg/mL, respectively, suggesting
4-fold higher efficiency of the nanoformulation (Pereira et al. 2017).

The cytotoxic effect of exopolysaccharides extracted from brown seaweed
(Sargassum longifolium) encapsulated in orange oil NE with particle size 178 nm
and zeta potential 43.9 mV estimated by MTT method in colon (HCT 116) cell lines
was lower (70%) than that of seaweed polysaccharide encapsulated with nanostruc-
tured lipid carrier (Shofia et al. 2018). Weekly i.v. administration of O/W NE encap-
sulating DHA-SBT-1214, a novel o-3 fatty acid conjugated taxoid prodrug against
prostate cancer stem cells, to NOD/SCID mice bearing subcutaneous PPT2 tumor
xenografts resulted in strong suppression of tumor growth compared to Abraxane®
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and placebo NE, and viable cells that survived from this in vivo treatment regimen
were no longer able to induce floating spheroids and holoclones (Ahmad et al. 2017).
Migotto et al. (2018) developed a cationic bioadhesive NE surface modified with CS
and particle sizes of 46.3 nm for intraductal administration of C6 ceramide showing
4.5-fold lower ECs, value of C6 ceramide related to the reduction of MCF-7 cells
viability, and this NE prolonged drug localization for more than 120 h in the mam-
mary tissue following intraductal administration compared to its solution. NEs pre-
pared using tanshinone extract of Salvia miltiorrhiza with the mean particle size of
14.2 nm inhibited human lung carcinoma cell (A549) proliferation more effectively
than the extract alone, and they penetrated into cytoplasm through endocytosis and
caused upregulation of p-JNK, p53, and p21 and downregulation of CDK2, cyclin
D1, and cyclin El expressions in a dose-dependent manner and caused cell cycle
arrest at Go/G, phase (Lee et al. 2016). NE formulation of Nigella sativa L. EO with
droplet diameter 20-50 nm notably reduced the viability of MCF-7 breast cancer
cells, whereby the treated cells included cell membrane blebbing, cytoplasmic vacu-
olation, marginalization of chromatin, and fragmentation of the nucleus suggesting
induction of apoptosis in MCF-7 cells (Periasamy et al. 2016).

O/W NE coated with a thiol-modified CS designed for co-delivery of piperine
(weight ratio 100: 1) was fabricated, and high degree of CS modification with par-
ticle sizes of 110 nm did not show any cytotoxic effect on normal fibroblasts and
promoted death in colon cancer cells (Vecchione et al. 2016). Formulation of diallyl
disulfide and o-linolenic acid prepared as protein NEs showing antioxidant and
radical scavenging property and acting also as optimal H,S slow-release donors
exhibited considerable anti-proliferative effect on MCF-7 breast cancer cell lines
and HuT 78 T-cell lymphoma cells, induced apoptosis and cell cycle arrest at the
Gy/G, phase, and improved the Lin~ Scal* human cardiac progenitor cells prolifera-
tion suggesting that they could be used in selective cancer therapy and for promot-
ing the muscle tissue repair (Ciocci et al. 2016).

Evaluation of anticancer activities of ginger EO (GEO) and frankincense EO
(FEO) NEs prepared by a high-pressure homogenization technique with incorpo-
rated antineoplastic agent, mitomycin C (MMC), showed that NE-based EOs ame-
liorated the apoptotic effects of MMC on the cancer cells (ICs, values of GEO-MMC
and FEO-MCC NE:s estimated for HeLa cells were reduced by 44.12- and 29.42-
folds, respectively, while those for MCF-7 cells were decreased by 29.29- and
55.3-folds when compared to MMC solution). FEO-MMC NE caused also the
greatest change on the HeLa cellular morphology, while MCF-7 cells were most
damaged and their nuclei were segmented when subjected into high GEO-MMC
NE. Consequently, mixing of drug with GEO NE and FEO NE considerably
improved its cytotoxicity on the MCF-7 and HeLa cells (Al-Otaibi et al. 2018).
MMC formulated into NEs based on EOs of chamomile (ChEO) and garlic
(GarEO) reduced the cell viabilities of HeLa cervical cancer cells by 42- and
20-fold compared to free MMC, whereby treatment with GarEO NE or GarEO-
MMC NE:s resulted in stronger alteration of the cell membrane of the HeLa cells
than treatment with ChEO or ChEO-MMC NEs. Using staining with 4’,6-diamidino-
2-phenylindole, it was found that NEs of GarEO and GarEO-MMC have got
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attached to the cell membrane causing damage to the cell, while those of ChEO or
ChEO-MMC passed the cell membrane and affected the nucleus directly (Alkhatib
et al. 2018a).

In vitro cytotoxicity against MCF-7 and HeLa cells of an albumin anchored
docetaxel (DTX) lipid NE was higher than that of the plain NE, and in in vivo
experiment, it caused 80.01 + 2.74% inhibition of solid tumors induced in C57BL/6
mice compared to 55.62 + 5.41% inhibition caused by administration of the plain
NE, whereby also its tumor-targeting activity was 3-fold higher than that of plain
NE (Afzal et al. 2016b). Transferrin coupled DTX lipid NE (200-393 nm) prepared
by homogenization and ultra-sonication process caused 84.66 + 4.29% tumor
inhibition in tumor-induced C57BL/6 mice and was found to have also 3.54-fold
higher tumor-targeting activity compared to the plain lipid NE (Afzal et al. 2016c¢).

Carvacrol NE showing a negative surface charge of —29.89 mV and 99.1 nm
mean droplet size powerfully induced apoptosis in doxorubicin (DOX)-resistant
A549 lung carcinoma cells (A549DR), displayed cell senescence leading to cell
cycle arrest, and inhibited the autophagy suggesting that it could be used as a poten-
tial candidate for lung cancer therapy (Khan et al. 2018).

Paclitaxel (PTX) NEs, in which a-tocopherol oil core of Tocosol™ was substi-
tuted with y-tocotrienol, and D-a-tocopheryl polyethylene glycol 1000 succinate
(vitamin E TPGS) with PEGylated y-tocotrienol showing droplet size <300 nm
were tested against Bx-PC-3 and PANC-1 pancreatic tumor cells. Fastest release
was observed with NEs loaded with free PTX, when y-tocotrienol was used as the
core and anticancer activity was improved also by substituting a-tocopherol with
y-tocotrienol and pronounced increase in activity was estimated when PTX lipid
conjugates were used (Abu-Fayyad et al. 2018). Entrapment of gemcitabine-y-
tocotrienol conjugates into NEs pronouncedly improved their anticancer activity
against Bx-PC-3 and PNAC-1 pancreatic cancer cells when compared to the free
drug. Moreover, it was found that gemcitabine-y-tocotrienol conjugates were least
affected by deamination deactivation reaction in vitro when compared with the free
and conjugated gemcitabine in solution (Abu-Fayyad and Nazzal 2017). CUR/6-T3
tocotrienol NEs with average particle size of 261 nm, PDI 0.27, and zeta potential
of 35 mV significantly suppressed constitutive NF-k B activation, and significantly
induced apoptosis in breast and ovarian cancer cells, MCF-7 and OVCAR-8 (Steuber
et al. 2016). Hyaluronic acid-complexed PTX NEs containing bL-a-tocopheryl ace-
tate and soybean oil with a diameter of 85.2 + 7.55 nm and a zeta potential of
—35.7+0.25 mV administered at a dose of 25 mg/kg to nude mice transplanted with
CD44-overexpressing non-small cell lung carcinoma cells (NCI-H460) xenografts
suppressed cancer cell growth more than the Taxol® and strongly inhibited tumor
growth, which could be connected with the specific tumor-targeting affinity of HA
for CD44-overexpressed cancer cells (Kim and Park 2017a). HA-coated NEs com-
posed of DL-a-tocopheryl acetate, soybean oil, polysorbate 80, and ferric chloride
incorporating PTX with particle diameter and zeta potential of 65 + 15 nm and
—39.5 £0.33 mV, respectively, showed superb targeting of ovarian SK-OV-3 tumor
cells overexpressing CD44 (Kim and Park 2017b).
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The study of the antitumor activity and cardiotoxicity of the garlic oil (GarO) NE
and GarO NE with incorporated DTX with particle sizes 63.19 + 1.85 nm and
110. = 14.37 nm, respectively, in Ehrlich ascites carcinoma (EAC)-bearing mice
showed that the administration of GarO NE enhanced the lactate dehydrogenase
activity in the ascetic fluid and ameliorated the heart enzymes, while treatment with
DTX-Gar NE improved the mean survival time of the mice (27.7 + 11.63 days) that
at treatment with aqueous DTX solution reached 23.1 + 1.52 days (Alkhatib et al.
2017a). It is important to note that incorporating the DTX into NEs based on orange
oil also improved its antitumor efficacy and reduced its cardiotoxicity in female
Swiss Albino mice-bearing Ehrlich tumor in their ascetic fluid (Alkhatib et al.
2017b). Efficient accumulation of NEs incorporating fraxinellone (Frax), an
anti-fibrotic drug, prepared by an ultrasonic emulsification method with a particle
size approx. 145 nm in the tumor site after systemic administration was observed,
and NE was taken up by tumor-associated fibroblasts (TAFs) and tumor cells.
Following i.v. administration of Frax NE, a notable decrease in TAFs and stroma
deposition was estimated, and an increase of natural-killer cells and cytotoxic T cells
as well as a decrease of regulatory B cells and myeloid-derived suppressor cells in
the tumor microenvironment suggested that this treatment remolded the tumor
immune microenvironment as well. Enhanced tumor-specific T-cell infiltration,
activated death receptors on the tumor cell surface, and increased apoptotic tumor
cell death were achieved using a combination of a tumor-specific peptide vaccine
with Frax NE suggesting that such approach could be an effective and safe strategy
to remodel fibrotic tumor microenvironment resulting in enhanced immune response
activation and, thus, in a prolonged efficiency for advanced desmoplastic melanoma
(Hou et al. 2018). Improved in vivo antitumor activity in female Swiss Albino mice
inoculated with Ehrlich ascites and reduced hepatotoxicity was observed also with
sorafenib incorporating NE formulated with flaxseed oil with particle diameter and
zeta potential of 77.46 + 8.28 nm and — 3.4 = 1.2 mV, respectively (Alkhatib et al.
2017c). Similarly, incorporation of sorafenib into carrot seed oil NE improved the
antitumor efficacy of drug and reduced its hematoxicity and hepatotoxicity (Alkhatib
et al. 2018b).

Acid-sensitive lipidated DOX prodrug (C16-DOX) entrapped in lipid NE
improved chemotherapeutic index and tumor-control efficacy in an in vivo murine
4T1 breast cancer model compared to free drug and caused considerable reduction
in lung metastasis due to possibility using higher dose of DOX (Camara et al. 2017).
Folate-functionalized soy lecithin lipid NEs of DOX and yttrium 90 (*°Y) were
found to inhibit growth of folate receptor-rich nasopharyngeal carcinoma (NPC)
cells CNEI in vitro and pronouncedly decrease tumor volume in NPC-induced nude
mice compared to DOX + *Y-lipid NE, causing massive (89.9%) necrosis and hem-
orrhage of CNEI cells but lower growth inhibition (21%) of folate-deficient nasal
epithelial cells (RPMI 2650) than DOX + °Y-lipid NE (43.65%) (Liu et al. 2017).
DTX NE containing as biocomponents soybean oil and lecithin with droplet size,
PDI, and zeta potential 233.23 + 4.3 nm, 0.240 = 0.010, and — 43.66 = 1.9 mV,
respectively, exhibited strong cytotoxic activity against MCF-7 cancer cells (ICs:
13.55 + 0.21 pg/mL at 72 h) as well as 2.83-fold higher cell uptake than control,
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whereby at a dose of 20 mg/kg, no toxicity or necrosis was observed with liver and
kidney tissues of mice (Verma et al. 2016). DTX NE surface functionalized with
folate with particle sizes <150 nm showed a 270-fold decrease in ICs, value in che-
moresistant ovarian cancer cells SKOV3TR as compared to DTX alone, while in
SKOV3 tumor-bearing mice, these NEs delivered DTX by folate receptor-mediated
endocytosis resulting in cytotoxicity capable of overcoming ABC transporter-
mediated taxane resistance (Ganta et al. 2016). Folate-PEG-decorated DTX lipid
NE was superior in tumor targeting by 4.81- and 2.08-fold over controls and in
tumor regression as well providing better results as PEGylation, albumin, and trans-
ferrin strategies (Afzal et al. 2016a).

Theranostic NEs incorporating PTX and contrast agents prepared using linear
polyglycerol-poly(e-caprolactone) diblock copolymers and ethiodized poppy-seed
oil, lipiodol, as a core oil exhibited superb anticancer activities against HeL.a ovar-
ian cancer cells as well as the ability to be used as a contrast agent (Le Kim et al.
2017). NE with co-encapsulated PTX and baicalein (5,6,7-trihydroxyflavone)
showed better antitumor efficacy in MCF-7/Tax cells exhibiting progressive resis-
tance to PTX in vitro as well as much higher antitumor efficacy in vivo than other
PTX formulations suggesting that this NE formulation could be used to overcome
multidrug resistance via oxidative stress augmentation and P-glycoprotein inhibi-
tion (Meng et al. 2016).

Multifunctional smart CUR-loaded CS/perfluorohexane nanodroplets of
101.2 nm and 77.8% CUR entrapment designed for contrast-ultrasound imaging
and on-demand drug delivery showed notably higher inhibition of 4 T1 human
breast cancer cells in vitro by ultrasound exposure, suggesting that they could have
a great potential for image-guided cancer therapy (Baghbani et al. 2017). Ultrasound-
responsive multifunctional smart alginate/perfluorohexane nanodroplets with the
mean particle size of 55.1 nm designed for co-delivery of DOX and CUR and show-
ing 92.3% entrapment efficiency of DOX exhibited enhanced cytotoxicity in
adriamycin-resistant A2780 ovarian cancer cells compared to DOX nanodroplets
due to synergistic effects of DOX and CUR, and their combined application with
ultrasound irradiation leads to strong tumor regression (Baghbani and Mortarzadeh
2017). MEs of CUR with docosahexaenoic acid (DHA)-rich oil showed strong
cytotoxicity on human glioblastoma U-87MG cell line (ICsy: 3.755 + 0.24 ng/mL),
which could be a attributed to the synergistic effect of CUR and DHA in the ME,
and following administration of this ME to Sprague-Dawley rats, the CUR concen-
tration at 24 h achieved 466-fold (for intranasal) and 421-fold (for intravenous) of
the ICs value estimated in the U-87MG cell line suggesting that designed ME could
be used for therapy of brain cancer by both routes of administration (Shinde and
Devarajan 2017).

Photodynamic therapy (PDT) is a clinically approved cancer therapy utilizing
photochemical reaction between a light activable molecule or photosensitizer, light,
and molecular oxygen resulting in formation of reactive oxygen species that directly
damage cells and/or vasculature leading to tumor destruction and induce inflamma-
tory and immune responses (van Straten et al. 2017). For both hydro-alcoholic
extract from Tectona grandis L.f. leaves (TGE) alone and extract incorporated into
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O/W NE with particles sizes approx. 20 nm and tested against melanoma B16 F10
cells, photodynamic effect was estimated due to increasing toxicity under illumina-
tion with red light; however, NE formulation was much less toxic toward normal
cells in the dark compared to free TGE, which exhibited notable dark toxicity
toward both B16 F10 and murine fibroblast NIH3T3 cells (Furtado et al. 2017).
Acai oil in NE, a novel photosensitizer for PDT, applied at PDT treatment of
NIH/3T3 normal cells and B16F10 melanoma cell lines caused 85% cell death for
melanoma cells, while maintaining high viability in normal cells and tumor volume
reduction of 82% in tumor-bearing C57BL/6 mice was observed following 5-fold
treatment with PDT using acai oil in NE (Monge-Fuentes et al. 2017). Magneto
low-density NE (MLDNE) that can carry maghemite NPs and chlorin e6 (phyto-
chlorin) as an active photosensitizer drug was designed as a potential vehicle for
combined hyperthermia and PDT to treat cancer, because it is selectively taken up
by MCEF-7 cancer cell surfaces with receptor recognition based on the overexpres-
sion of low-density lipoprotein receptor. MLDNE showing particle size <200 nm
and high drug encapsulation efficiency was found to enhance tumor damage after
minor heat dissipation and/or minimum visible light photosensitization doses by
classical magnetic hyperthermia and PDT resulting in notable synergic action on
MCEF-7 cells reflected in reduced cell viability (Pellosi et al. 2018). de Matos et al.
(2018) studied the effects of PDT on cellular viability using CUR NE as a photosen-
sitizing drug in cervical carcinoma cell lines and found that NEs were internalized
inside cells and were observed in the intracellular environment for up to 36 h after
incubation with cell lines, whereby after the PDT, high phototoxic effect of CUR
NE (<5% of viable cells after irradiation) was estimated suggesting that CUR NEs
have potential as an alternative treatment to cervical lesions using an endoscopic
diode fiber laser setup for in situ activation or cavity activation applying a diffuse
fiber delivery system.

2.4.3 Nanoemulsions for Pulmonary Drug Delivery

Optimized quercetin-loaded O/W NE prepared using palm oil ester/ricinoleic acid
as oil phase (droplet size of 131.4 nm, PDI 0.257, zeta potential 51.1 mV) showing
good stability against phase separation and storage at 4 °C for 3 months induced
cytotoxicity toward A549 lung cancer cells without affecting the normal cells, sug-
gesting that NE could be used as a potential carrier system for pulmonary delivery
of molecules with low water solubility (Arbain et al. 2018).

Minz and Pandey (2018) designed recombinant hepatitis B surface antigen
loaded solid fat NEs as carrier system and monophosphoryl lipid A as an adjuvant-
carrier system and evaluated it as multiadjuvanted vaccine system for deep pulmo-
nary vaccination. The observed humoral (sIgA and IgG) and cellular (IL-2 and IF-y)
immune responses considerably exceeded those estimated with naive antigen
(recombinant surface antigen without any excipient) solution.



54 J. Jampilek et al.

Nasr et al. (2012) used commercially available lipid NE, the Intralipid® or
Clinoleic®, to prepare amphotericin B lipid NE aerosols for targeting peripheral
respiratory airways via nebulization.

Tea tree oil NEs prepared using Cremophor EL (average size of 12.5 nm) exhibited
excellent antimicrobial activities on Escherichia coli, Acinetobacter baumannii,
Klebsiella pneumoniae, S. aureus, and Candida albicans and after inhalation to the
lung showed higher anti-fungal effect than fluconazole on the fungal pneumonia rat
models, causing reduced lung injury, highly microbial clearance, blocking of leuko-
cyte recruitment, and decrease of pro-inflammatory mediators. Such inhalable for-
mulation could be used in local therapies of fungal and bacterial pneumonia with no
obvious adverse events (Li et al. 2016a).

Shah et al. (2017) tested rifampicin-oleic acid first-generation NE and its respec-
tive CS and CS-folate conjugate-decorated second- and third-generation NEs show-
ing mean droplet sizes of 40—-60 nm related to aerosolization, pulmonary inhalation,
intracellular trafficking potential in macrophages, and pharmacokinetics profiles.
Chitosan oligosaccharide lactate was employed as mucoadhesive, bioadhesive, and
targeting moiety for macrophages, while folic acid was used as targeting ligand of
macrophage. It was found that tested NEs exhibited >95% aerosol output and inha-
lation efficiency >75%, and the size and surface tension of NEs affected the aerosol
output and aerosolized and inhaled fine particle fractions in an inverse relationship.
Higher cell internalization potential, reduced plasma drug concentration, and higher
lung drug content showed third-generation NEs. NE containing highly refined soy-
bean oil together with cetylpyridinium chloride, Tween® 80, and ethanol in water
produced by high-speed emulsification showing droplets with mean diameter of
450 nm and safe mucosal adjuvants, when delivered intranasally along with
Mycobacterium tuberculosis-specific immunodominant antigens, induced potent
mucosal IL-17 T-cell responses and conferred protection upon M. tuberculosis chal-
lenge in mice. Moreover, when such NE tuberculosis vaccine is delivered along
with Mycobacterium bovis bacillus Calmette-Guerin licensed vaccine, decreased
disease severity could be observed (Ahmed et al. 2017).

2.4.4 Nanoemulsions for Ocular Drug Delivery

Nanotechnology-based systems for treating and managing various ocular diseases
include more accessible formulations for deeper segments of the eyes, which enable
the availability of drugs at required site in a required amount without inversely
affecting the eye tissues (Lalu et al. 2017). Findings related to topical application of
lipid-based systems (MEs, NEs, liposomes, and solid lipid NPs), polymeric systems
(hydrogels, contact lenses, polymeric NPs, and dendrimers), and used physical
methods (iontophoresis and sonophoresis) were reviewed by Souza et al. (2014).
The use of nanocarriers, including NEs for gene therapy of retinal diseases, was
overviewed by Al-Halafi (2014).
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Coumarin-rich extract from Pterocaulon balansae incorporated into NEs
composed of medium-chain triglycerides (MCT), and egg lecithin with droplet
sizes >300 nm caused a 95% reduction of trophozoite viability after 24 h of incu-
bation with a NE containing 1.25 mg/mL of coumarins, whereby the effect was
comparable with that of chlorhexidine suggesting potential of such NEs to be
used for the local treatment of ocular keratitis caused by Acanthamoeba (Panatieri
et al. 2017).

Castor oil and mineral oil NEs with mean particle size of 234 nm, PDI >0.16,
zeta potential of —8.562 + 3.49 mV, slightly acid pH, and viscosity of about 1.2 cP,
which were instilled on the surface of a commercial contact lens, were found to be
situated inside and on the surface of the lenses and their transparency remained near
100% suggesting their suitability for ocular application, because the contact lens
remained transparent and ion-permeable after association with this formulation
(Katzer et al. 2014).

The introduction of a positive charged mucoadhesive polymer, CS, into NEs
designed for ocular administration of timolol containing the drug as maleate or as
ion-pair with bis(2-ethylhexyl) sulfosuccinate increased drug permeation probably
due to the interaction of CS with corneal epithelial cells (Gallarate et al. 2013).

A combination of NE with 2% hydroxyethyl p-cyclodextrin resulted in 9.2-fold
higher lutein accumulation (119 + 6 pg/g/h) compared to lutein suspension alone,
and the scleral accumulation of lutein increased by increasing the cyclodextrin
content, whereby the nanoformulation showed low cytotoxicity in retinal cells
(Liu et al. 2015a). Lutein-loaded NE consisting of isopropyl myristate, triacetin,
Tween® 80, and ethanol with particle sizes approx. 10—12 nm showed sustained and
pronouncedly increased lutein release. Such NE could be considered as a potential
alternative delivery system for lutein, an effective drug used in therapy of macular
degeneration (Lim et al. 2016).

Dexamethasone acetate (DEX) and polymyxin B sulfate were formulated as a
cationic NE, in which soy phosphatidylcholine represented 30% of the lipid phase
containing DEX, while polymyxin B sulfate was dissolved in the water phase, and
this NE could be considered as a viable alternative to the commercial ophthalmic
suspensions designed for the treatment of ophthalmic infections (Li et al. 2016b).
Triamcinolone acetonide-loaded NE consisting of MCT oil, soybean lecithin, and
Poloxamer 188 released the drug in a fast rate and could provide an adequate drug
release rate on the eye surface to be used in topical ophthalmic administration (Silva
and Lemos-Senna 2016).

Alternative controlled-release ocular terbinafine hydrochloride-loaded NE in situ
gels prepared by NE dispersion in gellan gum solution (0.2%, w/w) were transpar-
ent, pseudoplastic, mucoadhesive, showed more retarded zero-order drug release
rates and increased bioavailability (Tayel et al. 2013).

Acetazolamide-loaded NEs fabricated using peanut oil, Tween® 80, and/or cre-
mophor EL as surfactant and Transcutol® P or propylene glycol as cosurfactant were
incorporated into ion induced in situ gelling systems composed of gellan gum alone
and in combination with xanthan gum, hydroxypropyl methylcellulose (HPMC), or
Carbopol®. The gels showed a considerably sustained drug release in comparison to
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the NEs, whereby gellan/xanthan and gellan/HPMC exhibited improved therapeutic
efficacy and more prolonged intraocular pressure lowering effect relative to that of
commercial eye drops and oral tablet (Morsi et al. 2017).

Cyclosporine A (Cy-A) NEs containing oleic acid, Tween® 20, and Transcutol®
P and coated with CS were evaluated as nonirritant and nontoxic, being well toler-
ated by rabbit eye much more sensitive than human. In corneal penetration studies
for low molecular weight CS coatings, 59.2% and 57.5% of drug penetration were
estimated, while for medium high molecular weight CS coatings, it was 55.5% and
52.3%, respectively (Shen et al. 2018). Optimized Cy-A loaded polymeric mucoad-
hesive NE with higher Cy-A payload, in which the concentration of CS was adjusted
according to the blinking force of eyelids, was able to maintain the therapeutic
concentrations (=50-300 ng/g) of drug in the rabbit cornea and conjunctiva over the
period of 24 h (Akhter et al. 2016).

Celecoxib NE containing 5% oleic acid-Transcutol® P (10:1) in oil phase with
droplet sizes ranging from 6.96 to 26.65 nm and pH 6.5-6.9, respectively, showed
82.6% of the drug released in the 24 h of the experiment. NE containing 85% of
surfactant (Tween® 80, Span® 20) and cosurfactant (propylene glycol) in a ratio 2:1
showed that 15.73% drug permeated through rabbit cornea and the flux (J;;) of cele-
coxib from this NE (0.65 mg cm~%h) was 22-fold higher than this of control
(Moghimipour et al. 2017).

2.5 Nanoemulsions Applicable in Food Industry

There are various nanocomposites suitable for the protection of different foodstuffs,
smart active or responsive packaging materials, edible coatings, as well as diverse
nanosensors applicable for monitoring of food quality, safety, and integrity, and the
application of nanocomposites in food packaging systems could diminish the harsh-
ness of food processing and the amount of additives and chemical preservatives in
food industries (e.g., Jampilek and Kralova 2018b). Nanoemulsion technology is
particularly appropriate for the preparation of encapsulating systems for functional
compounds, because it prevents their degradation and improves their bioavailability.
An overview of food-grade NEs, their recent applications in the food systems, and
patent review of emulsions was presented by Yalcinoz and Ercelebi (2018).
Promising advantages reached with the use of NEs as delivery systems of flavoring
and preservative agents in the food industry were summarized by Salvia-Trujillo
et al. (2015). Adjonu et al. (2014) overviewed emulsifiers/surfactant (ionic, non-
ionic, phospholipid, polysaccharide, and protein) used in NEs designed for food
applications as well as suitability of proteins and protein hydrolysates as nanoemul-
sifiers and analyzed the potential of whey protein-derived peptides as both emulsi-
fiers and bioactive compounds in NE delivery systems. The influence of particle
characteristics such as size and interfacial properties on potential biological fate
(digestion and absorption) of ingested NEs was described by McClements and Xiao
(2012). The influence of droplet characteristics on the physicochemical and sensory
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properties of beverage emulsions, with special focus on their influence on product
stability as well as developments in the soft drinks area, including fortification with
vitamins, reduced calorie beverages, and “all-natural” products were overviewed by
Piorkowski and McClements (2014). Although to the potential advantages of food-
grade NEs over conventional emulsions for applications in the food industry belong
higher stability to particle aggregation and gravitational separation, higher optical
transparency and increased bioavailability of encapsulated components, potential
risks associated with consumption of lipid nanoparticles that are able to alter the
fate of bioactive components within the gastrointestinal tract, and possible toxicity
of surfactants and organic solvents could not be marginalized (McClements 2013).

2.5.1 Nanoemulsions Formulated with Natural Emulsifiers,
Biosurfactants, and Biopolymers

Mungure et al. (2018) overviewed the potential application of pectin, an anionic
polysaccharide, for the stabilization of NE systems. Synthesis and applications of
pectin-based nanomaterials that combine the advantages of both pectin and the
nanoscale particles was overviewed by Zhao and Zhou (2016). Bai et al. (2016)
compared the effectiveness of a number natural emulsifiers (whey protein, gum arabic,
Quillaja saponin, and soy lecithin) at fabricating corn O/W NEs using dual-channel
microfluidization and found that whey protein isolate and Quillaja saponin more
effectively formed NEs with fine droplets than gum arabic and soy lecithin (lower
amount of emulsifier needed, fabrication of smaller droplets), which could be con-
nected with faster emulsifier adsorption and a greater reduction in interfacial ten-
sion resulting in more effective droplet disruption within the homogenizer for
saponins and whey proteins. McClements and Gumus (2016) analyzed the possibil-
ity of the replacement of synthetic surfactants with natural emulsifiers, such as
amphiphilic proteins, polysaccharides, biosurfactants, phospholipids, and bioparti-
cles, discussed the physicochemical basis of emulsion formation and stabilization
by natural emulsifiers, and compared the benefits and limitations of different natural
emulsifiers.

Konjac glucomannan, a renewable natural polysaccharide occurring in the tuber
Amorphophallus konjac K. Koch, composed of p-1,4-linked p-mannose and D-
glucose in either a 1.6:1 or 1.4:1 molar ratio, exhibit good swelling, gelling, or
emulsifying properties. Its derivative, konjac glucomannan octenyl succinate
(KGOS), was found to be a good potential emulsifier and stabilizer for encapsula-
tion of lipophilic bioactive compounds such as -carotene. Emulsification yield of
the KGOSC nanoemulsion containing 0.03% p-carotene, 0.3% KGOS, and 10%
MCT exceeded 95%, and after 30 days of storage, the particle size and PDI of the
KGOSC NE did not reach 5 nm and 0.5, respectively, whereby the sensitivity of
KGOSC NE:s to storage conditions decreased in following order: temperature >
oxygen > light (Li et al. 2018).
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W/O NEs of Sacha Inchi oil (SIO), containing a very high content of the w-3
fatty acid, a-linolenic acid (approx. 50%), and tocopherols (176-226 mg/100 g)
prepared using olive leaf phenolics (OLP), showed droplet size 2.15 + 0.13 nm and
were stable without phase separation during 30-day storage, whereby the release of
OLP controlled the oxidative progress of SIO by prolonging the induction time,
preventing the production of primary and secondary oxidative products, and also the
deterioration of polyunsaturated fatty acids and tocopherols (Liu et al. 2018).
Among O/W NEs prepared with 10% avocado oil using natural (lecithin) and syn-
thetic (Tween® 80) emulsifiers at different concentrations (2.5-10%) with zeta
potential ranging from —26 to —59 mV and lipid droplets of 103-249 nm, Tween®
80 was found to be more effective than lecithin (Arancibia et al. 2017). Multilayer
emulsions produced by a high-pressure homogenization method using an electro-
static layer-by-layer deposition process of lecithin-CS membranes encapsulating
linseed oil and a-lipoic acid simultaneously were found to be an effective delivery
system to incorporate them into functional foods and beverages. CS encapsulation
inhibited the degradation of a-lipoic acid and improved the oxidation stability of
linseed oil in multilayer emulsions that showed good centrifugal, dilution, and stor-
age stabilities (Huang et al. 2018).

Using MCT oil, the rhamnolipids biosurfactants can effectively form small droplets
(d3; < 0.15 pm) at low surfactant-to-oil ratios (<1:10). Rhamnolipid-coated droplets
were found to be stable to aggregation at pH values 5-9, salt concentrations <100 mM
NaCl, and 20-90 °C. Droplet aggregation at pH 2—4 and high ionic strength 200-
500 mM NaCl could be connected with a reduction in electrostatic repulsion at low
pH and high salt levels. Rhamnolipids could be considered as effective natural sur-
factants suitable to replace synthetic surfactants in certain commercial applications
(Bai and McClements 2016).

Quillaja saponin (Q-Naturale®), a natural food-grade surfactant isolated from
the bark of the Quillaja saponaria Molina tree, containing saponin-based amphi-
philic molecules, was reported to be able to replace synthetic surfactants in food
and beverage products (Yang et al. 2013). A promising NE delivery system for
oregano as an essential oil model with long-term stability using a sugar-based
biosurfactant (Quillaja saponin) produced by microfluidization was found to be
suitable to be used in antimicrobial as well as flavoring and potential antioxidant
applications in food and beverages or in pharmaceutical and cosmetic products
(Doost et al. 2018).

The study of high-pressure homogenized whey protein emulsions prepared by
mixing whey protein concentrate (10%), soybean oil (0% or 5%), and soy lecithin
(0% or 5%) showed that increasing homogenization pressures significantly decreased
particle sizes of all samples but increased electrical conductivity of samples. After
25 MPa treatment emulsions with lecithin had smaller particle sizes than those made
without lecithin, but at 50 MPa, further reduction of particle sizes in the presence of
lecithin was not observed (Yan et al. 2017). Yerramilli et al. (2017) studied partially
replacement of sodium caseinate (SCas) in the formation and long-term stabilization
of 5 wt% O/W NEs prepared using a high-pressure homogenization by pea protein
isolate (PPI) and found that NEs stabilized by 1:1 mixture of SCas and PPI did not
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display any creaming or aggregation and remained stable for more than 6 months
(droplets <200 nm), which could be connected with the interaction of pea proteins
disrupted by high-pressure homogenization with SCas in the continuous phase of the
NEs. Consequently, the plant proteins have potential to be applicable in the long-
term stabilization of NEs in the food and beverage industry. O/W NEs stabilized by
high-pressure homogenized lentil proteins isolate (LPI) showed pronouncedly higher
in vitro lipid digestibility than unmodified LPI NEs, which could be connected with
the higher interfacial area of smaller droplets and weaker interfacial moduli of modi-
fied LPI-stabilized interfaces compared to those with unmodified LPI. It could be
noted that high-pressure homogenization notably decreased LPI particle size distri-
bution, surface hydrophobicity, and the interfacial storage moduli relative to the
unmodified LPI (Primozic et al. 2018).

As an attractive biosurfactant suitable for preparation of NE formulations appli-
cable in food and beverage products, saponin extracted of Brazilian ginseng roots
was reported (Rosa et al. 2016).

2.5.2 Nanoemulsions of Essential Oils and Their Constituents

Excellent antimicrobial efficacy of plant EOs predestines them to be used as an
alternative of health hazardous synthetic preservatives in food products, and encap-
sulation of EOs in NEs, MEs, solid-lipid NPs, and liposomes improves their shelf
life already at low doses (Prakash et al. 2018a). Donsi and Ferrari (2016) in a review
paper focused their attention on EO NEs as antimicrobial agents in food; critically
analyzed the reported antimicrobial activity data, both in vitro and in products; and
discussed the regulatory issues associated with their use in food systems. An over-
view related to the different systems for the encapsulation of bioactive oils and the
currently applied elaboration methods was presented by Rodriguez et al. (2016).
Although EOs in the food industry are mainly used as flavoring agents, O/W NE
of betel (Piper betle L.) leaf EO showed antimicrobial activity against five strains of
Gram-positive and Gram-negative bacteria with MIC of 0.5-1.25 pL/mL and MBC
of 1-2.5 pL/mL suggesting that it can serve as natural antimicrobial agent for food
system (Roy and Guha 2018). Mexican oregano (Lippia graveolens Kunth) EO con-
taining thymol and y-terpinene, which was incorporated into active coatings and
spread on fresh pork meat as free, nanoemulsified, and microencapsulated EO at a
dose of 2.85 mg EO/cm?, caused growth inhibition of Lactobacillus plantarum (5 log
population reduction) and Pseudomonas fragi (4 log reduction), while <1.5 log pop-
ulation reduction was observed for Brochothrix thermosphacta and Salmonella
Infantis, whereby meat microbiota was most efficiently controlled by microencapsu-
lated EO resulting in delayed lipid and oxymyoglobin oxidation of fresh pork meat
(Hernandez-Hernandez et al. 2017). Anise oil NE more effectively reduced the popu-
lation of E. coli O157:H7 and Listeria monocytogenes (count by 2.51 and 1.64 log
cfu/mL, respectively) than bulk anise oil (by 1.48 and 0.47 log cfu/mL) after 6 h of
contact time (Topuz et al. 2016). The EO-based NEs could improve the microbial
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quality of minimally processed fruits and vegetables (Prakash et al. 2018b). Basil
oil (Ocimum basilicum) NE fabricated by ultrasonic emulsification with droplet
diameter 29.3 nm showed antibacterial activity against E. coli causing alteration in
permeability and surface features of bacterial cell membrane (Ghosh et al. 2013).
Long-term stability over 21 days of storage was estimated with Zataria multiflora
Boiss EO NE (droplet size of 200 nm and PDI 0.2) fabricated by emulsion phase
inversion that showed MIC values of 2500 and 5000 pg/mL against L. monocyto-
genes and Salmonella typhimurium, respectively, and this NE was more effective in
inhibiting the growth of bacteria in milk than in culture media (Shahabi et al. 2017).

Optimized clove oil NEs prepared using SCas (5%) and pectin (0.1%) as coating
material by high-speed homogenization with spherical NPs of 172.1 +4.39 nm, zeta
potential of =37 + 1.93 mV, and EE of 88% showing stability at all food processing
conditions except pH 3.0-5.0 could be recommended as delivery system for antimi-
crobial bioactive substances in food preservation (Sharma et al. 2017). Optimized
ultrasound-mediated nettle oil (1.25 wt%) NEs stabilized by purified jujube poly-
saccharide with 86.75 nm droplet size inactivated the Gram-positive bacterium
more effectively than the Gram-negative one (Gharibzahedi 2017). Stable NEs pre-
pared by mixing eugenol with SCas using shear homogenization observed up to
38.5 mg/mL eugenol showed droplet diameters <125 nm at pH 5-9 after ambient
storage for up to 30 days and more effective inhibition of E. coli O157:H7 than free
eugenol during incubation at 37 °C for 48 h. A greater reduction of intracellular ATP
and a greater increase of extracellular ATP were observed in bacteria treated with
encapsulated eugenol (20-min interaction at 21 °C) compared to free eugenol
suggesting enhanced permeation of eugenol due to its nanoencapsulation, although
the possible membrane adaptation could not be excluded (Zhang et al. 2018).
Salvia-Trujillo et al. (2014) reported that lemongrass oil-alginate NEs prepared by
microfluidization exhibited enhanced antimicrobial activity against E. coli, while
ultrasound processing of NEs led to loss of their bactericidal action.

Thyme O/W NEs (pH 3.5) were found to be highly unstable to droplet growth
and phase separation, which could be connected with Ostwald ripening due to the
relatively high water solubility of thyme oil. Inhibition of Ostwald ripening could be
achieved by mixing thyme oil with a water-insoluble ripening inhibitor (=60 wt%
corn oil or >50 wt% MCT in the lipid phase) before homogenization, yielding NEs
with good physical stability. However, ripening inhibitor type and concentration had
a notable impact on the antimicrobial activity of EO and increasing the ripening
inhibitor levels in the lipid phase resulted in the reduction of the antimicrobial effi-
cacy of NEs (Chang et al. 2012).

Comparison of the in vivo oral bioavailability of conventional emulsion (droplet
diameter 1.285 pm) and NEs of vitamin E prepared using sunflower oil and saponin
(droplet diameter 0.277 nm) showed that the in vivo oral bioavailability of vitamin
E in male Wistar rats at NE application reached a 3-fold higher AUC compared to
the conventional emulsion (Parthasarathi et al. 2016). Bovi et al. (2017) reported
that NEs of Buriti (Mauritia flexuosa L.) oil, one of the richest vegetal sources of
carotenoids, could be successfully incorporated in isotonic sports drink and replace
the artificial coloring by natural dyes.



2 Bio-Based Nanoemulsion Formulations Applicable in Agriculture, Medicine... 61

In O/W NEs stabilized by soy lecithin and encapsulating carvacrol, the zwitter-
ionic lecithin molecules adsorbed to the O/W interface for 24 h formed a notably
viscoelastic layer; at pH 7 the NEs were highly stable, yielding monodispersed
droplet size distributions and high resistance to increases in droplet size over
30 days, although the initial size of oil droplets slightly depended on pH (smaller
droplets at pH 7 and larger droplets at pH 3) (Nash and Erk 2017).

Eugenol NEs prepared by using ultrasonication as emulsification techniques, CS
NPs as carrier, and Tween® 20 surfactant as emulsifier, with regularly spherical shape
and sizes ranging from 80 to 100 nm, were characterized with great storage and ther-
mal stability and exhibited superb antioxidant capacity and antimicrobial activity
suggesting their great potential to be used in food formulations for extending the
shelf life (Shao et al. 2018).

O/W chia seed oil NE systems prepared by spontaneous emulsification and
microfluidization and stabilized with Tween® 80 and Span® 80, as well as SCas- and
sucrose monopalmitate-stabilized NEs fabricated by microfluidization, were char-
acterized by storage stability at 4 °C during 2 weeks. The NEs prepared with sucrose
monopalmitate showed best transparency with droplet diameter ca. 47 nm (Teng
et al. 2018). Blended cloves/cinnamon EO NEs fabricated using Tween® 80 surfac-
tant and ethanol (cosurfactant) with oil at the mixed surfactant/cosurfactant ratio of
1:9 showed higher antimicrobial activity against E. coli, B. subtilis, S. typhimurium,
and S. aureus, even at far lower concentrations than free EOs, and this NE could be
applied as a natural antimicrobial agent in food industry (Zhang et al. 2017).

Digested Hibiscus cannabinus L. seed O/W NEs stabilized by SCas, Tween® 20,
and p-cyclodextrin complexes produced using high-pressure homogenization showed
good lipid digestion (85.25%), good bioaccessibility of antioxidants (tocopherols and
total phenolic contents), and lower degradation rate of phytosterols compared to
digested bulk oil suggesting potential use of such formulation in food and nutraceuti-
cal preparations (Cheong et al. 2016). Addition of B-cyclodextrin to primary emulsion
containing SCas and Tween® 20 was found to improve the physical stability of kenaf
(Hibiscus cannabinus L.) seed O/W NEs (Cheong and Nyam 2016).

Negatively charged NEs of black cumin EO fabricated using different ratios of
EO with canola and flax seed oils (ripening inhibitors) that were stabilized with
octenyl succinic anhydride (OSA)-modified waxy maize starch (mean droplet diam-
eter >200 nm and zeta potential above —30 mV) showed prolonged bactericidal
activities against Bacillus cereus and L. monocytogenes than the pure black cumin
EO, which could be explained with its better stability, controlled release, and self-
assembly with the cell membrane of Gram-positive bacteria resulting finally in
destruction of cellular constituents (Sharif et al. 2017a).

Alexandre et al. (2016) reported about activated films with improved physical
properties prepared by incorporation of montmorillonite and nanoemulsioned gin-
ger EO into gelatin-based films with notably better elongation at break, puncture
force, and puncture deformation and showing antioxidant activity, which could be
used in food packaging applications.
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2.5.3 Vitamin Nanoemulsions

The use of natural surfactants, Quillaja saponin and lecithin, on the formation and
stabilization of NE-based vitamin E delivery systems was described by Ozturk et al.
(2014). At simulated small intestine conditions, the rate of lipid digestion and tocot-
rienol bioaccessibility in bulk oil and within O/W conventional emulsions (>10 pm)
and NEs (<350 nm) fabricated using MCT as an oil phase (5-40% wt) and Quillaja
saponins as a natural surfactant decreased as follows: NEs > emulsions > bulk oil
(Xu et al. 2018). The increase of the bioavailability of a-tocopherol as a food supple-
ment could be secured through edible (coconut) oil NE showing a 9.5 mg/mL of
encapsulation capacity and almost 100% release of the loaded active ingredient
within 24 h, whereby the contribution of kinetic-controlled release was found approx.
70% and that of diffusion-controlled release was found approx. 30%. Besides good
stability of NE, a reasonable cell viability (biocompatibility) with apposite antimi-
crobial activity was estimated suggesting potential application of such edible oil NE
in food, beverages, and healthcare industries (Saxena et al. 2018). The a-tocopherol-
based O/W NE fabricated using sodium stearoyl lactate and Tween® 80 surfactants
by high-energy ultrasonication method with encapsulated benzyl isothiocyanate
acted as better antioxidant compared to pure and CUR encapsulated NE; the
prepared emulsions exhibited good stability up to 90 days in salt solution (50-200 mM)
and different pH conditions, and the degradation of CUR by UV light was successfully
controlled by trapping in NE (Kaur et al. 2017).

The impact of antioxidants on the thermal stability of B-carotene encapsulated in
diluted O/W emulsions prepared using gum arabic decreased as follows:
a-tocopherol > tertiary butyl hydroquinone > ascorbyl palmitate, the most effective
antioxidant being a-tocopherol at the concentration of 0.10 wt% under light expo-
sure (Liu et al. 2015b). Digested Ulva fasciata polysaccharide-stabilized emulsions
encapsulating -carotene (mean particle size of 0.82 pm) showed higher lipid diges-
tion rate and increased [-carotene bioaccessibility than gum arabic- or beet pectin-
stabilized emulsions suggesting that they could be a promising delivery system for
B-carotene in functional food and beverage system. Moreover, the stability of
B-carotene in the emulsion could be considerably increased by addition of
a-tocopherol (Shao et al. 2017). NEs, in which fat-soluble vitamins p-carotene and
a-tocopherol were co-encapsulated using flax seed oil and octenyl succinic anhy-
dride modified starch as emulsifier with incorporated eugenol, showed overall
higher retention of -carotene (ca. 42%) and a-tocopherol (ca. 90%) after 4 weeks
of storage at 40 °C as compared to NEs in which Tween® 80 was used as emulsifier,
which could be connected with the fact that the modified starch emulsifier can form
a thicker protective layer around oil droplets (Sharif et al. 2017b).

Increased bioavailability of vitamin D encapsulated in O/W NE prepared by
ultrasonication technique showing a droplet size 300—450 nm and shelf life >90 days
in simulated gastrointestinal tract was reported by Walia et al. (2017). The ergocal-
ciferol in vitro bioaccessibilities in O/W NEs prepared using emulsifiers with differ-
ent stabilizing mechanisms was comparable for decaglycerol monooleate (62%;
steric mechanism), modified lecithin (64%; electrostatic mechanism), or their com-
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bination (65%), but they were significantly higher than that estimated for SCas
emulsifier (12%; electrosteric), and also the free fatty acid release rate in the small
intestinal phase was the lowest for SCas (Shu et al. 2018).

Folic acid nanoencapsulated by double emulsions having an internal NE composed
of W/O system with folic acid present in the water phase and reemulsified within an
aqueous phase of pectin-whey protein concentrate complexes showed EE about
88.3%, whereby EE was predominantly affected by the dispersed phase content of
double NE and surfactant had the minimum influence (Assadpour et al. 2016).

2.5.4 Nanoemulsions Encapsulating Fatty Acids

Uluata et al. (2015) studied physical stability, autoxidation, and photosensitized
oxidation of -3 oils in NEs prepared with natural (lecithin and Quillaja saponin)
and synthetic (Tween® 80 and sodium dodecyl sulfate) surfactants and found that
lipid hydroperoxide decreased in the order Tween® 80 > SDS > lecithin > Quillaja
saponin, whereby Quillaja saponin consistently produced the most oxidatively stable
emulsions, which could be due to its high free radical scavenging capacity.

NEs encapsulating fish oil prepared using MCT, lemon oil, and thyme oil as
carrier oils containing 75% fish oil and 25% carrier oil were physically stable for
42 days at 20 °C, whereby the rate of lipid oxidation in NEs decreased in the follow-
ing order: MCT >> lemon oil > thyme oil, which could be connected with the pres-
ence of high levels of natural antioxidants (phenolics) within both essential oils
(Walker et al. 2017). The oxidative stability of fish oil encapsulated in multiple NE
with particle sizes 190-210 nm prepared using whey protein concentrate was
enhanced, whereby key factors affecting the droplet size of NE and oxidative stabil-
ity of fish oil were found to be whey protein concentrate concentration level and
used antioxidant type (vitamin C and E) (Hwang et al. 2017).

Esquerdo et al. (2018) designed food-grade NEs containing unsaturated fatty
acids (UFA) concentrates from carp oil, using CS and gelatin as wall materials, in
which these biopolymers provided high stability to the formulations and also
behaved as good wall materials, whereby at 90:10 of CS:gelatin ratio the NE was in
the acceptable range of the legislation after 7 days of storage, suggesting the increase
of the physical and oxidative stability of UFA and such NEs could facilitate the
addition of these lipophilic active ingredients in aqueous-based foods or beverages.
Application of NE in combination with vacuum packing was found to maintain the
polyunsaturated fatty acids content of sea bass (Dicentrarchus labrax) fillets stored
at 22 °C, since NEs with hazelnut, canola, and soybean oils can be used as a preser-
vative for fish and such NEs together with vacuum packing could prevent the lipid
oxidation (Ozogul et al. 2017).
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2.5.5 Nanoemulsions Encapsulating Bioactive Compounds

Gelatin-based films incorporated with rutin-loaded O/W NE displayed higher ten-
sile strength and higher elongation at break than the gelatin control film, showed
high antioxidant activities, rutin release being mainly governed by Fickian diffusion
with simultaneous interfering swelling and disintegration phenomena, and they
could be considered as potential active packaging systems to enhance shelf life of
food products (Dammak et al. 2017).

Quercetin-loaded NEs fabricated using high-pressure homogenization method
with mean droplet size of 152 + 6 nm, zeta potential of —50 + 2 mV, and entrapment
efficiency of 93.50 + 0.35% exhibited comparable antioxidant activity to free
quercetin, and also the bioaccessibility of quercetin in simulated small intestinal
conditions was found to be improved by nanoencapsulation (Ni et al. 2017).
Optimized green tea catechins NEs prepared by high-pressure homogenization with
droplet diameter of 280 + 1 nm and 83.16 + 1.12% EE subjected to different envi-
ronmental stress (pH, temperature, and salt concentration) were stable for 8 weeks
and showed slow and sustained release of polyphenols from lipid matrix in mim-
icked gastric conditions (Gadkari et al. 2017).

Milk fortified with CUR NEs prepared using high-pressure homogenization
exhibited pronouncedly lower lipid oxidation than unfortified (control) milk and
milk containing CUR-free NEs suggesting that such CUR NE could be utilized in
beverage industry (Joung et al. 2016). Active films based on gelatin-SCas blend
containing active compounds (a-tocopherol, garlic essential oil, and cinnamaldehyde)
nanoemulsified in water showed good antioxidant activity suggesting their potential
to be used as active packaging for shelf life extension of foodstuffs (Cordoba and
Sobral 2017). Physically stable NEs enriched with the carotenoid astaxanthin
(droplet diameter of 230 nm; zeta potential of —40 mV) prepared using caseinate as
emulsifier were stable in the temperature range 5-70 °C, and a wide range of pH
(except at pH 4 and 5) and ionic strength could be used in functional foods and
beverages (Liu et al. 2016).

Lecithin-containing emulsions of capsaicin (mean particle size 582.63 nm)
showed high antimicrobial activity against S. aureus with 4.60 log reduction, while
with the capsaicin-encapsulated NE prepared using Tween® 80 as surfactant (mean
particle size 68.30 nm), a 3.86 log reduction against E. coli was estimated (Akbas
et al. 2017).

Quercetin trapped saponin stabilized NEs with mean particle size of 52 + 10 nm
exhibited higher stability on exposure to UV light as compared to water/ethanol
system showing the degradation rate 9 + 1% (at pH 7) and 11 = 1% (at pH 8.0),
respectively as compared to 42 + 2% in water/ethanol system (Kaur et al. 2016).

The thermal resistance of L. monocytogenes was reduced from 2- to 5-fold,
when 0.5 mM D-limonene was added directly to the heating medium. However,
the presence of the same D-limonene concentration in the heating medium in the
form of NE reduced heat resistance of L. monocytogenes by one hundred times
compared to 2-5 reduction at application of free b-limonene suggesting that the
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addition of nanoemulsified antimicrobials can pronouncedly reduce the intensity
of the thermal treatments currently applied in the food processing industry (Mate
et al. 2016).

Evaluation of CUR NEs prepared using MCT, canola oil, or linseed oil as oil
phases and stabilized by different emulsifiers (Tween® 80, lecithin, whey protein iso-
late, and acacia) with high-pressure homogenization showed that the increase in oil
phase concentration resulted in increased CUR content, particle size, and viscosity of
NE but decreased the stability that was pronouncedly affected if the stabilizing agent
was lecithin; the maximum CUR content in NE was obtained using MCT as oil phase
(Ma et al. 2017). Citral NE with mean particle size 467.83 nm produced using a mix-
ture of gelatin and Tween® 20 as emulsifiers in a ratio 3:1 (total emulsifier concentra-
tion of the emulsion system was 10 g/kg) remained stable during storage for 14 days
at 30 °C, and under acidic conditions, it was able to protect citral from degradation and
decreased the formation of off-flavor compounds (e.g., p-cymene, p-cresol, and
p-methylacetophenone) relative to a single emulsifier (Tian et al. 2017).

NEs containing frans-cinnamaldehyde as an active agent and 1,8-cineol as the
Ostwald ripening inhibitor containing Tween® 80 as emulsifier with surfactant to oil
ratio of 2:1 (w/w) that were prepared using ultrasonic technology exhibited notable
stability for 6 months with considerably small particle size of 27.76 = 0.37 nm and
superb antibacterial activity against E. coli, S. aureus, and Pseudomonas aerugi-
nosa, and treatment with optimized NE caused dramatic increase of E. coli’s mem-
brane fluidity (Moghimi et al. 2017).

Physical stabilities of droplets (344, 173, and 98 nm in diameter) of fucoxanthin
NEs prepared using high-pressure microfluidizer and containing as the oil phase the
structured lipid that enriched pinolenic acid at sn-2 position decreased with increases
in the initial size and storage temperature, while fucoxanthin chemical stability
was improved. The reduction of the digestion stability of fucoxanthin NE with
decreasing initial particle diameter could be probably attributed to the increased
surface area interacting with pancreatic lipase with decreasing droplet size (Huang
et al. 2017).

2.5.6 Nanoemulsions Used in Edible Coatings

Fresh apples (Golab Kohanz) coated with 0.5% CS NE (<100 nm) pronouncedly
reduced weight loss, respiration rate, ethylene production, and peroxidase activity
of the samples compared with the control, greatly affected polyphenol oxidase
activity, slowed down softening process, maintained the quality of apples, and also
improved the flesh color after the climacteric peak (Gardesh et al. 2016). The com-
bination of an antimicrobial edible coating on green beans consisting of modified
CS containing a NE of mandarin EO with high hydrostatic pressure notably reduced
Listeria innocua inoculated on green bean, while it also had a strong impact on
green bean firmness during 14-day refrigerated storage at 4 °C (Donsi et al. 2015).
The combined use of nanoemulsified lemon EO with modified CS resulted in the
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remarkable increase in antimicrobial activity, with respect to other EOs, whereby
incorporation of nanoencapsulated lemon EO into the modified CS coating pro-
longed the shelf life of rucola leaves from 3 to 7 d, being more effective than a coat-
ing made of modified CS or EO alone (Sessa et al. 2015). Coating of silvery pomfret
with citrus EO NEs based on CS NPs loaded EO ensured better preservation effects
than coatings with conventional emulsion due to more efficient prevention against
microorganisms and lipid oxidation (Wu et al. 2016).

Oleic acid NE as a part of starch-based edible coating suspensions, incorporated
with a mixture of three natural antimicrobials, lactic acid, nisin, and lauric argin-
ate, may be used as coating to extend the shelf life of fresh foods (Sanchez-Ortega
et al. 2016).

Grape berry (Vitis labruscana Bailey) coatings of lemongrass oil incorporating
NE exhibited antimicrobial effects against S. typhimurium and E. coli 0157:H7 dur-
ing storage at 4 and 25 °C for 28 days, and they did not considerably alter the flavor
of the berries, improved their glossiness, reduced losses of weight, and prolonged
their shelf life (Kim et al. 2014b). The lemongrass 0il/CS NE coating showed effec-
tiveness in improving microbiological safety and preserving grape berries as well
(Oh et al. 2017). A carnauba-shellac wax-based NE containing lemongrass oil pre-
pared using high-pressure homogenization and used for coating of “Fuji” apples
significantly improved the quality of apples during storage for 5 months compared
to apples without coating (Jo et al. 2014). By mixing a carnauba wax-based solution
(18%, w/w) with NE containing lemongrass oil coating for plums was developed,
which was able to inhibit S. typhimurium and E. coli during storage; did not pro-
nouncedly alter the flavor, fracturability, or glossiness of the plums; reduced weight
loss and ethylene production; and ensured higher firmness of coated plums compared
to uncoated ones (Kim et al. 2013).

At 21 days of storage, polyphenol oxidase activity decreased by 65% in the
fresh-cut Red Delicious apples coated with a-tocopherol NE (<200 nm; zeta poten-
tial < —40 mV, browning indexes of 43.5) and a-tocopherol NE with nopal mucilage
(Opuntia ficus indica) (browning indexes of 39.3). As determining parameter in
controlling texture and the browning index, the particle size of the NE droplets
could be considered and application of nopal mucilage helps control the browning
index (Zambrano-Zaragoza et al. 2014).

NE-based edible coatings containing oregano EO and mandarin fiber were found
to improve the shelf life of low-fat cut cheese (Artiga-Artigas et al. 2017). Orange
peel EO (0.5% and 1.0%) ME and NE used in pectin-based coating to extend the
shelf life of fresh-cut orange, maintained at 4 °C for 17 days, notably reduced
weight and ascorbic acid losses of coated samples, as well as higher antibacterial
and antifungal effects were estimated compared to control without changes in senzory
parameters (Radi et al. 2018).

Taghavi et al. (2018) investigated the effects of the microfluidic pressure
(600-1200 bar) and cycles (2—4) on the inhibitory activity and physicochemical
properties of the NE loaded with a natural antibacterial mixture (i.e., citral, trans-2-
hexen-1-ol, and linalool, 1:1:1 w/w) and found that in general the physicochemical
properties of the antibacterial NE were affected by the cycle to greater extent than



2 Bio-Based Nanoemulsion Formulations Applicable in Agriculture, Medicine... 67

by the pressure and the microfluidization condition did not considerably affect the
antibacterial activity of the NE. Thus, the O/W emulsions could provide an ade-
quate delivery system for these bioactive compounds.
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3.1 Introduction

Due to the remarkable applications and properties, substances of miniscule and
subatomic sizes such as nanoemulsions have emerged as a boon for several indus-
tries (Aguiar et al. 2016; Shishir et al. 2018). Nanoemulsion is an even mixture
with the range of droplet size (10-200 nm) formed from two or more immiscible
liquids (mainly oil and water phase) (Ha et al. 2015; Taarji et al. 2018; Gupta et al.
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2016; Shishir et al. 2018). Unique properties such as surface activity and thermo-
dynamic stability make nanoemulsions isotropic and transparent heterogeneous
systems that are used mainly in food and pharmaceutical industries for the delivery
of significant hydrophobic and hydrophilic drugs and bioactive constituents (Binsi
et al. 2017; Shariffa et al. 2016; Yao et al. 2013). Furthermore, the major compo-
nents of an emulsion system are oil and emulsifier, and the incorporation of an
emulsifier plays a vital role in the fabrication of nanosized droplets by decreasing
the interfacial tension. Emulsifiers also play a significant part in alleviation of the
nanoemulsions through repulsive electrostatic interactions and steric hindrances
(Shariffa et al. 2016; Binsi et al. 2017; Ozturk et al. 2015). Therefore, a suitable
emulsifier always fascinates researchers’ interest to formulate stable and active
nanoemulsion system for the delivery of bioactive ingredients up to tissue level
(Suetal. 2018; Ha et al. 2015; Li et al. 2016; Taarji et al. 2018; Gupta et al. 2015).
Predominantly, several categories of proteins and polysaccharides are used as
active emulsifiers in an emulsion system (Aguiar et al. 2016; Jia et al. 2016; de
Souza Simdes et al. 2017).

Surface charge of emulsifier is an important tool to maintain the repulsive electro-
static interactions and steric hindrance between oil droplets and water; hence, either
polyanionic or polycationic biopolymers are used for the formulation of stable
nanoemulsion (Shariffa et al. 2016; Yao et al. 2018; Ozturk and McClements 2016;
Zhang et al. 2015; Bai et al. 2017). Among several biopolymers, gum arabic is abun-
dantly used emulsifier for the formulation of nanoemulsion. Polyanionic structure of
gum arabic is highly suitable to strengthen the emulsion system for a long time
(Guptaetal. 2015; Ha et al. 2015; Li et al. 2016; Taarji et al. 2018; Ozturk et al. 2015;
Bai et al. 2017). Several researchers explored the efficacy of gum arabic as a stable
emulsifier for safe and effective delivery of bioactive components (Shariffa et al.
2016; Yao et al. 2018; Ozturk and McClements 2016; Zhang et al. 2015; Bai et al.
2017; Yao et al. 2013).

Therefore, this chapter aims to acme the significant evolvement of gum arabic in
improving the nanoemulsion.

3.2 Nanoemulsion: An Effective Delivery System

A uniform mixture of two immiscible (oil and water phase) liquid phases attributes
to the formation of an emulsion system. Two types of emulsion systems (O/W and
W/O) and different methods (high- and low-energy emulsification methods) for the
synthesis of emulsion have already been explored by several authors (Ha et al. 2015;
Gupta et al. 2016; Li et al. 2016; Taarji et al. 2018; Shariffa et al. 2016; Binsi et al.
2017; Ozturk et al. 2015). High-energy methods always exhibit smooth types of
emulsion system, whereas low-energy methods due to the least interference of
emulsifier in surface interfacial tension formulate coarse form of the emulsion (Ha
et al. 2015; Li et al. 2016). Furthermore, emulsions are also categorized as macro-
emulsion, microemulsion, and nanoemulsion based on droplet size and charge
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distribution (Mehrnia et al. 2017; Niu et al. 2016; Shahgholian and Rajabzadeh
2016). Nanoemulsions have distinct properties and applications as effective carriers
for several lipophilic and hydrophilic bioactive components and drugs (Gupta et al.
2016; Hosseini et al. 2013; Esfanjani and Jafari 2016; Wang et al. 2011). Over the
past years, the principal research focus has been on synthesizing nanoemulsion
through both low- and high-energy methods (Shariffa et al. 2016; Yao et al. 2018;
Ozturk and McClements 2016). In addition, several destabilization processes such
as coalescence, flocculation, gravitational separation, creaming, and Ostwald ripen-
ing alter the droplet size, charge potential, and physicochemical properties of nano-
emulsion (Gupta et al. 2016; Ha et al. 2015; Li et al. 2016; Taarji et al. 2018; Shariffa
et al. 2016; Binsi et al. 2017; Ozturk et al. 2015; Shishir et al. 2018). Consequently,
formulation of excellent quality nanoemulsion that could persist kinetic stability for
a long period is desirable. Furthermore, both stabilizer and emulsifier are equally
required for a persistent emulsion system. According to Dickinson and Stainsby
(1988), an emulsifier could be a chemical or mixture of chemicals consisting of
efficacy for the formulation of emulsion with short duration stabilization. On the
other hand, stabilizers are the components that can attribute long-duration stability
of the emulsion system. Hence, steric repulsive and electrostatic forces attributed by
a suitable emulsifier direct the stability to the nanoemulsion. Both forces also
significantly depend upon the type of emulsifier and ionic and nonionic surfactants
(Ha et al. 2015; Li et al. 2016; Taarji et al. 2018; Shariffa et al. 2016; Binsi et al.
2017; Ozturk et al. 2015; Rachmawati et al. 2017). Addition of emulsifier during
fabrication of the nanoemulsion maintains the kinetic stability against agglomeration
and coalescence that makes nanoemulsion an effective vehicle than that of macro-
and microemulsion system (Mehrnia et al. 2017; Niu et al. 2016; Shahgholian and
Rajabzadeh 2016). Furthermore, stability of nanoemulsion is always closely related
with droplet size of the emulsion system. Appearance of the nanoemulsion signifi-
cantly depends upon droplet size of the emulsion system. Wavelength of visible light
larger than droplet size of the nanoemulsion often attributes transparent appearance,
which correlates with the higher stability of the nanoemulsion. Preparation meth-
ods always influence the drop size of the emulsion, and appearance of emulsion
always ranges from transparent to milky white in contrast to method of synthesis
(Abbas et al. 2015; Sari et al. 2015; Devi et al. 2017; Fu et al. 2018; Lv et al. 2014,
Shishir et al. 2018).

3.3 Structure and Physicochemical Properties of Gum
Arabic

Predominantly, gum arabic is obtained from Acacia senegal and Acacia seyal, and
the physicochemical properties and chemical structure are always influenced by the
environmental conditions, tree age, and undeniably the processing conditions
(Al Assaf et al. 2005; Flindt et al. 2005; Hassan et al. 2005; Siddig et al. 2005). Over
the past years, several researchers explored chemical composition and molecular
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structure of gum arabic at large extent. Exclusive emulsifying and rheological prop-
erties and application of gum arabic in context to stability were also identified
(Abbas et al. 2015; Sari et al. 2015; Devi et al. 2017; Fu et al. 2018; Lv et al. 2014,
Shishir et al. 2018; Mehrnia et al. 2017; Niu et al. 2016; Shahgholian and Rajabzadeh
2016). In general, gum arabic is a plant-based exudate gum obtained from Acacia
trees. Predominantly, gum arabic is composed of two basic entities, i.e., oligosac-
charides and arabinogalactan, which contribute to approximately 97% of the total
composition of gum arabic. Less than 3% proportion of gum arabic is composed of
protein structures (Sari et al. 2015; Gupta et al. 2015; Devi et al. 2017).

The mainstay of gum arabic is recognized to comprise o-(1—3)-linked
d-galactopyranosyl units, whereas side chains of gum arabic are composed of 2-5
f-(1—=3)-linked D-galactopyranosyl units that are directly attached with the main chain
by 1-6-linkages, respectively (Flindt et al. 2005; Hassan et al. 2005; Siddig et al. 2005).
Both the main chain and side chain are composed of units of a-larabinofuranosyl and
a-l-thamnopyranosyl (Dauqan and Abdullah 2013). Physical appearance of gum ara-
bic is pale to orange brown in color, and after disruption, it produces translucent
material (Shariffa et al. 2016; Binsi et al. 2017; Ozturk et al. 2015). Excellent quality
gum attributes vitreous appearance, and after shattering, pieces of gum arabic become
shiny pale in color. Furthermore, chemically, gum arabic is slightly acidic in nature
due to intrinsic components such as glycoproteins and magnesium, calcium, and
potassium salts of polysaccharides. Proximately, gum arabic exhibits moisture con-
tent (13-15%), ash content (2—-4%), internal energy (30-39%), volatile matter (51—
65%), nitrogen content (0.26-0.39%), and mineral composition consisting of iron
(730-2490 ppm), copper (52-66 ppm), zinc (45-110 ppm), and manganese (69—
117 ppm) (Daugan and Abdullah 2013). In addition, gum arabic also consists of vital
amino acids (nm/mg of gum arabic) such as serine (28.70), threonine (15.90), proline
(15.60), hydroxyproline (54.20), leucine (15.10), histidine (10.70), glutamic acid
(8.29), aspartic acid (10.60), valine (7.29), phenylalanine (6.33), lysine (5.13), ala-
nine (5.07), isoleucine (2.38), tyrosine (2.30), arginine (2.12), and methionine (0.11)
(Daugan and Abdullah 2013; Montenegro et al. 2012). Apart from physicochemical
composition and properties, gum arabic could be used as both emulsifier and stabi-
lizer. Intrinsic composition of gum arabic attributes significant emulsifying properties,
and several authors explored gum arabic as effective agent in stabilizing and delivery
of vital bioactive components in emulsion system (Ha et al. 2015; Li et al. 2016; Taarji
et al. 2018; Shariffa et al. 2016).

3.4 Stabilization of Nanoemulsion Using Gum Arabic

Several factors are controlled in order to formulate smooth and stable emulsion
through either high-energy or low-energy methods (Taarji et al. 2018; Shariffa et al.
2016; Binsi et al. 2017; Ozturk et al. 2015). As discussed earlier, effective suitable
gum plays a significant role to stabilize the emulsion system; therefore, gum arabic
has been excessively used as emulsifier and stabilizer. Composition of emulsion is
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an important criterion in contrast to formulated stable emulsion. Herein, gum arabic
controls the method of shear and slows down the Ostwald ripening as dispersed
phase is highly insoluble in continuous phase. Furthermore, in stabilization of nano-
emulsion, surfactant led to formation of lyotropic liquid crystals. Significant excess
of ionic and nonionic surfactant in continuous phase empowers new surface area for
nanodroplets and gum arabic attributes rapid coating by impeding shear-induced
coalescence. In addition, surfactants form micelles, which directly adsorb on to oil
drops, and stability of nanoemulsion occurs. Whereas, high shear stress in combina-
tion with appropriate emulsifier and surfactant generate nanodroplets (Laplace pres-
sure). Furthermore, protein moiety is also exclusively responsible for the stabilization
of nanoemulsion. Due to this surface activity, gum arabic adsorbs favorably on to
the surface of the oil phase. It is predicted that the lipophilic polypeptide restraints
adsorb and anchor the molecules to the surface, whereas carbohydrate moiety pre-
vents destabilization (amalgamation and flocculation) through steric repulsion and
electrostatic behavior (Abbas et al. 2015; Sari et al. 2015; Devi et al. 2017; Fu et al.
2018; Lv et al. 2014; Shishir et al. 2018). In this context, Randall et al. (1988)
unveiled that gums with highest nitrogen content attribute significantly highest
emulsion capacity and stability as well.

3.5 Food Applications of Nanoemulsions

Over the years, proficient technologies have made conceivable the large-scale fab-
rication of nanoemulsions and their broad applications in food system. In diverse
food applications, nanoemulsions proficiently exist in several products such as
spreads, butter, salad creams, beverages, mayonnaise, and desserts in both water-
in-oil and oil-in-water emulsion forms (McClements 2017). Significant contribu-
tion of nanoemulsion systems to improve the organoleptic properties and
physicochemical attributes has already been revealed. According to Donsi and
Ferrari (2016), to distribute convinced notch of functionality, nanoemulsion system
should be fabricated according to the bioactive components that directly correlate
with physicochemical attributes and size of the component in the product and body.
Therefore, anticipated in-product and in-body behavior directly influence the appli-
cation of the nanoemulsion in food system. Delivery of micronutrients, bioactive
components (flavanols, flavones, flavanones, isoflavones, hydroxybenzoic acids,
hydroxycinnamic acids, stilbenes, curcuminoids, carotenes, and xanthophylls),
colors, flavors, and antimicrobial constituents is the principal application achieved
by the nanoemulsion delivery system (Salvia-Trujillo et al. 2015, 2017; Yucel et al.
2015; Dario et al. 2016) (Fig. 3.1).

In this context, Gadkari et al. (2017) formulated epigallocatechin gallate
(EGCG), catechin, and epicatechin (from green tea) containing nanoemulsions and
identified their anticancer, free radical scavenging, cholesterol-lowering, and pre-
vention of arterial sclerosis abilities. Enhanced storage stability of highly degrad-
able catechins was also revealed. Dario et al. (2016) revealed improved thermal
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Fig. 3.1 Application of nanoemulsion for the delivery of distinctive components in food system

stability and photostability of quercetin-, kaempferol-, and myricetin-loaded nano-
emulsion and evaluated free radical scavenging, anti-aging, and anti-inflammatory
abilities of the respective nanoemulsion. Furthermore, formulation of bioactive
component-loaded nanoemulsion faces several challenges, and one of the signifi-
cant problem is formulation of crystals by supersaturated flavones in oil phases.
Biopolymers slow down the formation of crystals in oil phase. Wan et al. (2017)
fabricated apigenin-, luteolin-, rutin-, and tangeretin-loaded nanoemulsions and
observed antimutagenic, antiproliferative, and antiinvasive efficiency of nanoemul-
sion, respectively. Similarly, Khan et al. (2015) also synthesized naringenin- and
hesperidin-loaded nanoemulsion with significantly improved release and bioavail-
ability of these bioactive components, respectively. They successfully evaluated
anticarcinogenic, anti-inflammatory, hepatoprotective, and antilipid peroxidation
activity of the nanoemulsion. In addition, Avachat and Patel (2015) formulated
gallic acid-, ellagic acid-, and p-hydroxybenzoic acid-hindered nanoemulsion and
demonstrated their antiproliferative and antioxidant efficacy with significantly
increased bioavailability and reduced interaction with the food matrix. Furthermore,
cinnamic-, coumaric-, ferulic-, and caffeic acid-encumbered nanoemulsion were
formulated by Harwansh et al. (2015), and its antioxidant, prevention of cell damage,
anti-aging, and antidiabetic activities were observed.
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Stilbenes are a vital class of bioactive components in food system. Sessa et al.
(2014) formulated trans-resveratrol-loaded nanoemulsion and found improved
UV-light stability and enhanced transcellular absorption and permeation of these
bioactive components. In addition, emulsion was evaluated for anti-inflammatory,
lowering of low-density lipoproteins, and anti-cancer properties.

Curcuminoids are another important class of bioactive components. Yucel et al.
(2015) and Vecchione et al. (2016) formulated curcumin-embedded nanoemulsion.
It was found that curcumin exhibits poor water solubility, and in oil phase, curcumin
requires amphiphilic components such as lecithin to fabricate stable emulsion sys-
tem. Some abilities of curcumin-loaded nanoemulsion, viz., boosting brain-derived
neurotrophic factor, lowering the risk of heart disease, anticancer, and fighting
age-related chronic diseases ability, were also examined. Fan et al. (2017) fabricated
nanoemulsions containing lycopene and f-carotene with considerably improved
physical stability and control of lipolysis and release of pigments.

Apart from the bioactive components, nanoemulsions have been widely explored
to convey vigorous micronutrients and essential fatty acids. Distinctive fat-soluble
vitamins (i.e., A, D, and E) and polyunsaturated fatty acids (omega-3, omega-6, and
conjugated linoleic acid) (Figs. 3.2 and 3.3) have been widely conveyed using nano-
emulsion technique. Owing to the fact, the nanoemulsion system effectively protect
these vital constituents against environmental stress and deliver these compounds at
specific targeted areas in the body. Several researchers have explored significance of
nanoemulsion system for delivery of vital components against several diseases.

In this context, Chen et al. (2016), Walker et al. (2015), and Karthik and
Anandharamakrishnan (2016) formulated nanoemulsions loaded with omega-3,
omega-6, and omega-9 with significantly enhanced oxidative stability and organo-
leptic properties. They explored the efficient applications of nanoemulsion against
arthritis, diabetes, asthma, osteoporosis, obesity, bad cholesterol, macular degeneration,
and contrasting digestive difficulties, respectively. In addition, Fernandez-Avila

Nanoemulsion

Fatty Acids and ||
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[ I I I ]
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Fig. 3.2 Essential fatty acids and phytosterols delivered through nanoemulsion system
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Fig. 3.3 Essential vitamins and dietary fiber delivered through nanoemulsion system

et al. (2017) revealed antidiabetic, antilipogenic, anticancer, and antiatherosclerotic
effects of conjugated linoleic acid nanoemulsion potentially affecting immune sys-
tem and bone modeling. Oxidative stability and influence of food matrix in emulsion
system were also explored. Similarly, Lane et al. (2014) also formulated conjugated
linoleic acid-loaded nanoemulsion with significantly enhanced in-product bioavail-
ability and observed significant functionality against several diseases. Furthermore,
Chen et al. (2016) and Panpipat et al. (2013) fabricated p-sitosterol-loaded nano-
emulsion and observed cholesterol-lowering efficacy with significantly improved
storage and oxidative stability. Artiga-Artigas et al. (2017) formulated dietary fiber-
loaded nanoemulsion and found that the fibers located at the oil-water interface have
tendency to form an edible coating with significant health attributes. Several authors
also formulated vitamin A-, D-, E-, and B9-loaded nanoemulsion and explored vital
functionalities of the nanoemulsion system with significantly enhanced bioavailabil-
ity and storage stability (Ozturk et al. 2014; Ricaurte et al. 2016; Guttoff et al. 2015;
Assadpour et al. 2016).

In contrast, stability of coloring and flavoring compounds gained the attention of
food scientists, and over the last few years, effective approaches to overcome this
problem have been explored. Essential oils are excessively used as aromatic compo-
nents in food system, and use of nanoemulsion has been approved as an effective
approach to deliver valuable aromatic flavors under drastic conditions (Majeed et al.
2016; Tian et al. 2017). The droplet size is important factor during delivery of color-
ing and flavoring components in transparent beverages. Therefore, optically trans-
parent nanoemulsions (below 60 nm size) could be used as effective system forthe
delivery of coloring compounds.
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3.6 Gum Arabic-Stabilized Nanoemulsion as Delivery
Vehicle

Over the past years, several researchers formulated nanoemulsion stabilized with
gum arabic or combination of gum arabic with other biopolymers. Herein, recent
studies for the effective delivery of bioactive components and hydrophobic micro-
nutrients using nanoemulsion are discussed. Yao et al. (2013) fabricated gum
arabic-stabilized oil-in-water nanoemulsion of conjugated linoleic acid (CLA).
For evaluation of effective delivery of CLA, three types of gums, i.e., conventional
gum arabic (GA) and two matured gum arabic samples (EM2 and EM10), were
used, and the oil-in-water nanoemulsion was formulated using all the three types
of gum arabic samples. In this context, it was observed that higher gum arabic
concentration attributes least physical stability that causes more lipid oxidation.
Major reason for the least physical and chemical stability of nanoemulsion was
coalescence and depletion prompted flocculation of the nanoemulsion droplets.
Furthermore, it was found that matured EM10 gum arabic attributed effective pro-
tection of CLA. Possible reason was significant interfacial properties of matured
EMI10 gum arabic in comparison with conventional gum arabic and EM2. As
discussed earlier gum arabic provides stability to nanoemulsion by adsorption onto
oil droplets, and absorption kinetics of all gum arabic samples at CLA interface
was evaluated. Yao et al. (2013) found rapid decrease in interfacial tension during
initial adsorption state and also found decrease in onset time with increasing gum
arabic concentration. In contrast, Zhang et al. (2015) formulated nanoemulsion of
weighted orange oil terpenes using four types of biopolymers, i.e., gum arabic,
modified gum arabic, whey protein isolates, and modified starch. Physicochemical
and optical properties of nanoemulsions were examined, and mean droplet diam-
eter in volume was the criterion of selection of appropriate nanoemulsion for the
delivery of the orange oil terpenes. Ozturk et al. (2015) successfully formulated
nanoemulsion for the delivery of vitamin E using gum arabic and whey protein iso-
lates and revealed that gum arabic attributed effective stability to nanoemulsion
against environmental stresses. Gum arabic-stabilized nanoemulsion exhibited
higher ionic strength against ionic solution and wider range of pH values. Ionic sta-
bility of gum arabic-stabilized nanoemulsion was mainly stabilized by electrostatic
repulsion and steric repulsion. At higher temperatures (30-90 °C), gum arabic-stabi-
lized nanoemulsion was highly resistant to agglomeration and coalescence of the
emulsion system. In addition, after evaluation of the effect of shear rate and tempera-
ture on apparent viscosity, gum arabic-stabilized nanoemulsion did not show any
inferior changes in terms of apparent viscosity. Gum arabic-stabilized nanoemulsion
also attributed higher bioavailability of vitamin E during in vitro experiments. Herein,
according to their observation, gum arabic was suitable and appropriate emulsifier
and stabilizer for the stabilization of vitamin E-enriched nanoemulsion. Bai et al.
(2017) synthesized corn oil, fish o0il, and lemon oil nanoemulsion stabilized with gum
arabic, beet pectin, and corn fiber gum. Based upon the surface activity and interfa-
cial tension of the emulsifier concentration and homogenization pressure on the
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emulsion formation, efficiency was evaluated. It was observed that the gum arabic
and beet pectin attributed efficient emulsifying properties than corn fiber gum, with
a least amount of emulsifier requisite and smaller droplets being produced. Greater
reduction in interfacial tension and stronger adsorption led to the formation of
more efficient disruption and low recoalescence inside the homogenizer for beet
pectin and gum arabic. Study inferred valuable evidence for selecting polysaccha-
ride-based emulsifiers for utilization in food and pharmaceutical application.
Correspondingly, Binsi et al. (2017) examined synergistic ability of gum arabic
and sage polyphenols in stabilization and protection of fish oil from high heat
interruption and oxidative stability during spray-drying process. Higher stability
and lower lipid oxidation during storage of the nanoemulsion were reported.
During in vitro release action of oil, significantly higher release of oil in simulated
gastrointestinal fluids was observed. Furthermore, Silva et al. (2015) fabricated
annatto seed oil and gum arabic-stabilized nanoemulsion and found electrostatic
and steric stabilization of gum arabic-stabilized nanoemulsion during assessment
of ionic strength, creaming stability, and effect of pH and temperature. Similarly,
Shariffa et al. (2016) also revealed significance of gum arabic on the physico-
chemical properties of lycopene nanodispersions. Su et al. (2018) studied the effect
of gum arabic on storage stability and antimicrobial efficacy of p-lactoglobulin-
stabilized D-limnene nanoemulsion. All mentioned studies revealed steric and
electrostatic stability of gum arabic-stabilized nanoemulsion during different ionic,
pH., and temperature conditions. Release of bioactive compounds during in vitro
studies revealed significant efficiency.

3.7 Conclusion and Future Trends

Nanoemulsion technique is a well-established mode for the delivery of bioactive
compounds and fat-soluble micronutrients. This technique exhibits improved func-
tionality than macro- and microemulsion techniques in terms of greater protection,
augmented stability, persistent release profile, and enhanced bioavailability of bioac-
tive compounds. The efficacious application of nanoemulsion ultimately hinges on
the selection of suitable emulsifier with desired rheological and physicochemical
properties in sustenance to realm the target bioactive compounds. Polysaccharides
particularly gum arabic have attracted considerable international attention due to its
excellent emulsifying and stabilizing functionalities. On the contrary, high-energy
and low-energy nanoemulsion formulation technologies are emerging that can pro-
vide excellent release profile and enhanced thermal, light, and oxidative stability. The
future studies are required to cope with the limitations of nanoemulsion processes and
improve the existing methods, as well as meet the commercial demands for their
industrial-scale production. Further research should be emphasized on the application
of bioactive-loaded nanoemulsion in food and biological systems in order to discover
their influence on cell viability as well as adsorption, distribution, and metabolism.
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4.1 Introduction

The definition for emulsion by the International Union of Pure and Applied Chemistry
(IUPAC) is: “In the case of emulsion, liquid crystals or liquid droplets are always
dispersed in a liquid”. Emulsion are formed by mixing two or more immiscible
phases or fluids where dispersed phase (in the form of droplets) is suspended in con-
tinuous phase (Fig. 4.1). Milk is an oil-in-water emulsion in which fat molecules are
mostly situated in spherical globules. A blend of water and oil may result in a rough
nonpermanent emulsion, which will isolate into two different systems upon standing
because of the mixture of the scattered globules. The characteristics of the emulsion
droplets depend upon various factors like pH, temperature, ionic strength, total solu-
ble solids, and type of emulsifiers (mostly proteins, i.e., casein or whey protein) pres-
ent at the interface. Emulsion can be classified as nanoparticles, microcapsules, and
microreservoir as per the particle size. Emulsifying agents, and oil are the most
essential components to make a stable emulsion. There are many oils that can be used
for the nanoemulsion methods like coconut oil, evening primrose oil, castor oil, corn
oil, linseed oil, olive oil, peanut oil, and mineral oils. An emulsifying agent ought to
be nontoxic and good in taste, possess chemical stability, and have the capacity to
decrease the surface tension beneath 10 dynes/cm. Around the scattered stage, these

Water Qil

Qil Water

Qil in Water Water in Qil Water/Qil/Water
emulsions emulsions emulsions

Water  ppospholipides
Solid lipid
Qil Polymeric shell

Solid lipid Liposome Microcapsules
nanoparticles

Fig. 4.1 Different nanomaterials prepared by (i) membrane emulsification and (ii) membrane
mixing (adapted from Charcosset 2016)
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globules ought to be adsorbed quickly and should form a reasonable film on the
emulsion mixture. Emulsifies are also called as emulgents which help to stabilize
the emulsion by a raise in their kinetic stability. The emulsifying agents should be
helpful for maintaining a sufficient viscosity and zeta potential in the system, which
ensures optimum stability. Emulsifying agents frames particulate by developing
monomolecular as well as multimolecular films around the scattered globules. Whey
and casein proteins present in milk act as good emulsifying agents. The adsorption of
these proteins takes place at the interface of air-water/oil-water avoiding the coales-
cence by maintaining the interfacial membranes. Due to the amphiphilic structure,
proteins present in milk behave as surface-active components in emulsion, and they
stabilize the emulsion droplets by combining steric stabilization and electrostatic
mechanism (Corredig 2009).
There are two types of emulsion based on their dispersion phase.

Oil-in-Water Type of Emulsion (O/W)

The emulsion in which water acts as dispersion medium (continuous phase) and oil
will be dispersed in it, for example, milk, where fat globules are the dispersed phase
and water is the dispersion medium.

Water-in-Qil Type of Emulsion (W/O)

It is a type of emulsion in which oil is the dispersion phase and water is dispersed in
it. These types of emulsion are also called as oil emulsion. The best examples for
this type of emulsion are butter and cold cream.

Microemulsion (the definition given by IUPAC) is the “dispersion made of water,
oil, and surfactant(s) which is isotropic and thermodynamically stable system with
diameter varying approximately from 10 to 100 nm and usually 10 to 50 nm.”
Nanoemulsion are overlapping microemulsions in size but possess better structural
components and prolonged thermodynamic stability, or they are thermodynamically
stable transparent dispersion of oil and water stabilized by an interfacial film of
surfactant and co-surfactant molecules having droplet size of less than 100 nm.
Microemulsions are thermodynamically steady, and these are the systems with
equilibrium state, whereas nanoemulsion are not in equilibrium but are having a
capacity of spontaneous phenomena to divide into the constituent phases, and they
can remain stable for several years due to extreme kinetic stability. Nanoemulsion
technique is possible to control morphology, surface area, geometry, homogeneity,
rheological behavior, and other properties of particle without or with minimum
usage of reducing agents or external stabilizing agents. It provides a better absorb-
ability of oil-dissolvable supplements in cell-culture innovation. Other than the sta-
bilization benefits, nanoemulsion might be utilized as substitutes for vesicles and
liposomes (Fig. 4.1). These types of emulsion have more surface area and better
kinetic stability against coalescence or creaming and can be considered as a good
carrier for hydrophobic bioactive compounds. Emulsion in dairy products are less
stable toward the variations in ionic strength, pH, and processing situations such
as shearing, heating, or cooling. Nanoemulsion technology is offering a number
of new advances to milk industry for the improvement of safety, quality, shelf life,
and healthiness of products. The lipophilic components can be solubilized using
nanoemulsion. The absorption of nanoemulsion will be very high due to their
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good surface area and minute droplet size. These emulsion can be made into dif-
ferent forms like foams, liquids, sprays, and creams. Nanoemulsion can be uti-
lized for the bioavailability enhancement of valuable nutrients in dairy-related
products. Nowadays, the attention has laid on the use of nanoemulsion in food-
processing industries to deliver functional properties of ingredients in food matrix
mainly in dairy industry.

4.2 Advantages of Nanoemulsion in Dairy Sector

(i) The small-sized droplets account for a vast decline in the gravity compel, and
the brownian movement might be adequate for reducing gravity. This implies
no creaming or sedimentation happens during the storage period in the milk.

(i1) The flocculation of drops can also be prevented with the help of these small-
sized milk droplets which helps in stabilizing the total system.

(iii) It provides an opportunity to improve the texture, mouthfeel richness, and
taste of milk by altering the flow ability.

(iv) The major ingredients of milk like proteins, fat, sugars, carbohydrates, vita-
mins, etc. can be coated using this technique which helps them to cope up
with the harsh conditions of pH change in the stomach and also enhance the
bioavailability of nutrients.

(v) The encapsulation of the milk components and the process of droplet size
reduction will help in increasing the shelf life.

(vi) Such types of emulsion will have a very small size and thus a big surface area
which help in the higher rate of penetration through the skin and are also help-
ful in transferring the necessary components to the body through the skin.
Small size also assists in uniform and quick distribution throughout the body.
Even their small droplet size can also help in increasing the rate of various
processes like wetting, distributing, and penetrating power.

(vii) Nanoemulsion are transparent fluids requiring a small amount of surfactants,
whereas microemulsions need high amounts of surfactants.

(viii) They also help in introducing certain good flavoring agents and thus enhance
the overall acceptability of products.

(ix) The liposomes and vesicles can be replaced by the use of these types of the
emulsions because of higher stability for a longer period. These emulsion can
also help in the formation of liquid crystalline films around the drops.

4.3 Methods of Nanoemulsion Formation

Nanoemulsion preparation requires advanced techniques like homogenization and
high pressure along with sophisticated instruments. Milk fat due to the effect of
buoyancy will float on the surface of milk, to form a layer of cream and produce the
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phenomenon such as layering, seriously affecting the quality of dairy products.
Different methods used in nanoemulsion development are discussed in the following
sections.

4.3.1 High-Energy Approaches

High-energy approaches rely on providing intensive energy to disrupt the oil glob-
ules and water into very fine droplets with the help of high-pressure homogenizers
and microfluidizers. Energy inputs modulate the properties of the nanoemulsion and
excellently prevent droplet disruption and coalescence.

4.3.1.1 High-Pressure Homogenizers

Homogenization facilitates the production of dairy products with improved texture,
taste, flavor, and shelf life. High-pressure homogenization is the most commonly
used method of producing fine emulsion in the food industry. Regular high-weight
homogenizers work on weights apparently in the range of 50 and 100 MPa. A coarse
emulsion is usually produced using a high-speed blender and is then fed directly
into the input of the high-pressure valve homogenizer. The pump of the homogenizer
draws coarse emulsion to a chamber on its backstroke and then forces it to pass
through a narrow valve at the end of the chamber on its forward stroke. Emulsion
experiences a mix of extreme aggravating forces such as cavitation, turbulance and
shear which convert bigger droplets into smaller ones. A variety of valves have been
designed for different types of applications. Most commercial homogenizers use
spring-loaded valves so that the gap through which the emulsion passes can be var-
ied. Decreasing the gap size increases the pressure drop across the valve, which
causes a greater degree of droplet disruption and smaller droplets to be produced.
On the other hand, narrowing the gap increases the energy input required to form an
emulsion, thereby increasing manufacturing costs. The wide range of sorts of spouts
will be accessible to upgrade the proficiency of droplet size reduction in
homogenizer.

Microfluidizer technology more efficiently converts high fluid pressure into
shear forces and helps the industries to meet the performance standards for high-
pressure homogenization. During microfluidization, the product enters the system
via an inlet reservoir and is delivered by a high-pressure intensifier pump into an
interaction chamber at speeds of up to 400 m/s and pressures in the range
20-275 MPa. In the fixed-geometry interaction chamber, the liquid is divided into
two or more microstreams, and these high-velocity streams undergo a sudden pres-
sure drop on collision at a perpendicular angle, causing turbulence, cavitation,
shear, and ultimately droplet disruption. Through this process, a uniform distribu-
tion of small particles is maintained. The product is subjected to instant cooling
followed by collection in the output reservoir (Fig. 4.2).
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4.3.1.2 Microfluidizer

It is a mixing technique, which is somewhat similar in the high-pressure homog-
enizer. A high-pressure displacement pump is used in the device to force the
product through the interaction chamber composing of many small channels
called microchannel. Prior to the homogenizer by microfluidizer, the aqueous
phase and oil phase were combined together to yield a coarse emulsion, usually
obtained by high-speed homogenizer. The coarse emulsion then passed through
a microfluidizer to produce stable nanoemulsion (Koroleva and Yurtov 2012;
McClements 2012).

4.3.1.3 Ultrasonication

The ultrasound waves when pass through a liquid medium, the interaction between
the ultrasonic waves, liquid, and dissolved gas leads to a phenomenon known as
acoustic cavitation. Ultrasonic emulsification offers several benefits over conven-
tional emulsification methods used in dairy systems such as mechanical shaking,
high- or ultrahigh-pressure homogenization and microfluidization in terms of
improved energy efficiency, higher emulsion stability, lowered requirement of sur-
factants, and controllable size distributions. Ultrasonic cavitation will produce
strong mechanical action, under an appropriate ultrasonic frequency, resulting in
better emulsification. Ultrasonic homogenizers are especially reasonable for less-
consistency liquids and less appropriate for high viscous frameworks. The utiliza-
tion of ultrasound has numerous points of interest; for example, less power
utilization, less utilization of surfactant, droplet size reduction, and more homoge-
neous nature of emulsion. Omega-3-rich nanoemulsions are arranged by utilizing
an ultrasound gadget (Cavazos-Garduiio et al. 2015). Strunz et al. (2008) examined
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Table 4.1 Cases of nanoemulsion produced by a method of high-energy approaches

Preparation Bioactive Diameter
method Oil phase component Surfactant (nm) References
High-pressure | Medium- p-Carotene Tween-20-80 132-184 | Yuan et al.
homogenization | chain (2008)
triglycerides
Corn oil - SDS, Tween-20, | 123-245 | Qian and
sodium caseinate, McClements
f -lactoglobulin, (2011)
Medium- - Tween-80 150-250 | Liedtke et al.
chain (2000)
triglycerides
Sunflower Tween-80, SDS | 90-190 Donsi et al.
(2011)
Microfluidizers | Lauroglycol | Aspirin Cremophor EL 150-170 | Tang et al.
90 (2013)
Croton oil - Tween-80 42-758 | Kuo et al.
(2008)
Soybean oil | Aspirin Tween-80 70-123 | Subramanian
et al. (2008)
Ultrasonic D-limonene | — Polyoxyethylene |20-100 |Li and Chiang
homogenizers (2012)
Basil oil - oleyl ether 20-50 Ghosh et al.
(2013)
Medium- Polylactic acid, | Tween-80 About Preetz et al.
chain Polyethylene 150 (2010)
triglycerides | glycol-polylactic
acid
High-speed Liquid lipid |- Tween-80 210-290 | Yilmaz and
devices Borchert
(2005)

that the utilization of the Brazil nut (wealthy in monounsaturated fatty acid and
polyunsaturated fatty acid) can influence the plasma lipids, apolipoprotein, and
other practical characteristics of antiatherogens with high-density lipoproteins, i.e.,
HDL. The lipid nanoemulsion was set up by delayed ultrasonic illumination in the
fluid media and a two-step advanced ultracentrifugation of the unrefined emulsion
(Table 4.1, Fig. 4.3).

4.3.2 Low-Energy Methods

Low-energy methods result in the spontaneous formation of fine droplets with con-
trolled variation in developing conditions of incompatible oil/water/emulsifier sys-
tems. Some commonly used low-energy methods such as membrane emulsification,
spontaneous-emulsification, phase inversion etc., along with their applications are
summarized in Table 4.2.
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Fig. 4.3 Schematic representation of different mechanical devices that are used for the production
of food-grade nanoemulsion using a high-energy approach: high-pressure valve homogenizer;
microfluidizer: ultrasonic jet homogenizer; and ultrasonic probe homogenizer

Table 4.2 Cases of nanoemulsion produced by a method of low-energy approaches

Preparation Surfactant/ Bioactive Diameter
method Oil phase cosurfactant component (nm) References
Membrane Methylene Tween-20/ Flurbiprofen 60-98 Ohetal.
emulsification | chloride Tween-80/ (2011)
polyvinyl alcohol
Membrane Medium-chain | Tween-80 Vitamin E 76-105 | Laouini et al.
emulsification | triglycerides (2012)
Spontaneous | Castor oil/ Polysorbate 80 Carbamazepine | 148-153 | Kelmann
emulsification | Medium-chain et al. (2007)
triglycerides
Spontaneous Medium-chain | Tween-20, 40, Vitamin E 54-200 | Saberi et al.
emulsification | triglycerides 60, 80 (2013)
Phase Hydrogenated | Polyethylene - 100 Sonneville-
inversion polyisobutane | glycol-400 Aubrun et al.
composition monoisostearate (2009)
Phase n-Dodecane Hexanol or - 20-160 | Sole et al.
inversion Sodium dodecyl (2010)
composition sulfate
Phase Orange oil Tween-20 B-Carotene 78-100 | Qian and
inversion Paraffin oil/ Cremophor ® A6 330-500 | McClements
temperature Cremophor (2011)
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4.3.2.1 Membrane Emulsification

This is a quite old method based on low-energy approach developed by Suzuki and
others in 1981. The process can produce stable nanoemulsion by controlling the fine
droplet size as well as distribution with lower energy input (104-106 J/m?®) and
without high mechanical stress (Ribeiro Filho et al. 2005). This approach is consid-
ered the best for nanoemulsion formation; however, droplet size is comparatively
higher than other methods of nanoemulsion formation.

4.3.2.2 Spontaneous Emulsification

This method involves the mixing of appropriate amounts of oil, water, surfactant,
and/or co-surfactant and is the simplest method. Mixing speed, ionic strength, and
pH variations are done to form nanoemulsions spontaneously. Fine oil droplets can
be formed when an oil/surfactant mixture is added to water. The sequence of addition
is not critical because this kind of nanoemulsion is formed spontaneously. But, the
system compositions (oil-to-emulsion ratio content, the surfactant-to-emulsion
ratio) and preparation conditions (stirring speed) may influence emulsion properties
(Kelmann et al. 2007; Saberi et al. 2013).

4.3.2.3 Phase Inversion Composition (PIC)

This method is based on progressive dilution with water or oil, and this composition
is optimized at a particular temperature. This phase change is driven by Gibbs free
energy of the emulsion resulting in spontaneous inversion of the surfactant’s curvature
between positive and negative (Sonneville-Aubrun et al. 2009).

4.4 Emulsion Stability of Milk

Fine droplet size of nanoemulsion accounts for its stability against gravitational
separation and then alteration in properties. The small droplet size of nanoemulsion
confers stability against sedimentation (or creaming) because the Brownian motion
and consequently the diffusion rate are higher than the sedimentation (or creaming)
rate induced by the gravitational force. Ostwald ripening or molecular diffusion,
which arises from emulsion polydispersity and the difference in solubility between
small and large droplets, is the main mechanism for nanoemulsion destabilization.
The nanoemulsion which are vitamin-rich and stabilized are used to fortify milk,
which shows much better health benefits to humans by increasing the bioavailability
of that nutrient. The necessary micronutrients like lipophilic vitamins are very impor-
tant and necessary for human physiology and wellness, so there is a huge growth and
demand in the field of food fortifying with vitamins. In emulsion, there should be a
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Fig. 4.4 Emulsion stability pathways: This process starts with (a) the uniform distribution of drops
of oil in water, (b) flocculation, (c¢) coalescence, and (d) creaming/sedimentation. (e) The final step
occurs with the separation of the two states, i.e., the entire division of components into two phases.
The above-figured arrows represent all the potential pathways and also show the positions where the
reversible reactions can be possible by means of simple redistribution

homogeneous distribution of the dispersion-phase medium. However, flocculation,
coalescence, and sedimentation result in instability of emulsion (Fig. 4.4).

The flocculation is a process in which formation of network/clump takes place
by the accumulation of small drops (droplets). Basically, this formation of net-
work takes place because of the production of uneven forces of repulsion and
attraction, which results in the attraction of droplets for accumulation. There may
be other factors accounting for the accumulation, but electrostatic force is the
major one. Sometimes the electrostatic repulsive forces can also help in the main-
tenance of stability of emulsion by the process of repulsion of droplets from each
other which helps in fine uniform dispersion of drops all over the surface. The
next step is coalescence in which two or more small drops merge with each other
for the formation of one fine large drop. This process of formation of big-sized
particle can occur only by the association of small droplets and can be triggered
during creaming and flocculation. Various methods are there for the prevention of
coalescence by using proteins and emulsifier. The process of coalescence can be
prevented by providing the surface with strong charge which can avoid the asso-
ciation of drops. The mechanism of creaming is caused by the density variation
among continuous and dispersed phase which results in the development of buoy-
ancy force. The reduced size of droplets will help in the prevention of creaming.
All the abovementioned preventive measures help in the prevention or slowing
down of the rate of creaming and hence the extension of shelf life in dairy and
dairy-related products.

4.5 Nanoemulsion in Food Industry

In the present aggressive market, new technical innovation is fundamental to keep
the administration in food industry as consumer demand is changing rapidly. The
future has a place for new items and innovative procedures with the objective of
upgrading the execution of processes and enhancing the security and nature of
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food items by dragging out their time span of usability and freshness.
Nanotechnology can possibly change dairy and food sectors which show a bright
future in this field. The uses of nanotechnology in dairy and food businesses
involve packaging with the help of nanocomposite bottles, nanolaminates, and
containers having silver nanoparticles. Nanoparticulate delivery systems involv-
ing nanocapsules and nanodispersions have been used as a suitable form to
improve the digestibility of food, bioavailability of active components, pharmaco-
logical activities of certain compounds, while nanosensors are involved in food
safety and biosecurity. Nanoparticles might be utilized for impacting the surface
characteristics, nutritious change and also to recognize pathogens in food materi-
als. Food bundling which includes eatables and nano wrapper can broaden time-
frame of their realistic usability. “Keen” bundling containing nanosensors which
are hostile to the activators of microorganism, counteract gas and humidity and
discharge nano against microorganisms can be useful for expanding the time span
of food usability.

4.5.1 Food Packaging (Nano Outside)

Nowadays, food business operators and consumers are demanding significantly more
from packaging regarding ensuring the performance, freshness, and well-being of
foods. Food packaging is the area in which utilization of nanotechnology will be
more in future (Bhushan 2017). It has been announced that around 400-500 nano-
packing items are being utilized in food business in which nanotechnology is utilized
as a part of the production of 25% of all food packing in the coming decade.
The main function of nanopacking is to extend the shelf life of food products by
enhancing the barrier nature of food packets by reducing moisture and gas exchange
and also the exposure to ultraviolet light.

4.5.2 Food “Fortification” Through Nanotechnology

Nanotechnological organizations are attempting to strengthen the handling of dairy
and food items using nanoencapsulated supplements, their appearance, and taste
which are modified by nanocreated hues, the glucose and fat content expelled/dis-
abled with the help of nano-adjustment, and enhanced mouth feel. The fortification
of food can be utilized to build dietary demands, for instance. The consideration of
“medicinally gainful” nanocontainers will empower chocolate-based chips or hot
chips. Nanotech would likewise empower particular food items like dessert and
chocolate to decrease the measure of glucose and fat that a body could ingest. This
process can be achieved by utilizing nanosized substances to keep the body from
processing/retaining these segments of sustenance. Along these lines, the nano busi-
ness can display the low-quality food as a well-being food.
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4.5.3 Nanotechnology in Association with Dairy Processing

According to the consultancy of Helmut Kaiser (2009), “nanofoods” are contributing
an expanding development in the improvement of nanoproducts related to dairy and
food sector and also for the application of patent. It is possible to connect nanotech-
nology for the creation of materials like nanoscale food components, contaminant
detection, and for making nano gadgets for sub-atomic and cell science from how the
development of food is possible to how it gets bundled. The nanotechnology used for
sustenance and dairy sectors are secured by two important means, viz., substances
which are added in food (nano-inside) and dairy bundling/ packaging (nano-outside).
Nanocoating is applicable to dairy products like cheese, and the process of nanotech-
nology has played an important role in the improvement of nanoscale-palatable film
having a width of 5 nm which is undetectable to our normal eye. Nanocoating can also
act as a barrier against gas, moisture, and lipids. Other applications of nanocoating are
the carriers of antioxidants, antimicrobials, colors, nutrients, and flavors which are the
important functional agents and improvement of storage life and textural properties of
manufactured foods even in open conditions. By 2003, over 90% of nanopackaging
was based on nanocomposites, in which nanomaterials were used to improve the bar-
rier properties of plastic wrapping for foods and dairy products. Nanopackaging can
also be designed to release antimicrobials, antioxidants, enzymes, flavors, and neutra-
ceuticals to extend the shelf life (Cha and Chinnan 2004).

4.6 Application of Nanoemulsion in Dairy Products

Consumer focus has changed from energy-providing foods to functional foods asso-
ciated with required health benefits. This may include fortification with bioactive
compounds for nutritional enrichment and antioxidant incorporation to enhance the
shelf life, stability, etc.

4.6.1 Ice cream

Ice cream is a mix of a compound colloid food that includes the globules of fat, crys-
tals of ice, air bubbles, and a serum phase which is unfrozen. Generally, the size of
the ice crystals and air bubbles range from 20 to 50 pm. In general, the fat globules
make a coat around the air bubbles, and the protein or the emulsifier forms a coat
around fat globules. Different equipment and techniques are involved in the
development of nanoemulsion in ice cream. Curcumin is the polyphenoilc compo-
nent of turmeric with various health benefits like antioxidant, anti-inflammatory,
antitumorigenic, anticoagulant, antibacterial, anticarcinogenic, etc. However, its
wide usage as functional ingredient is limited due to poor water solubility, bioacces-
sibility, absorption in GI tract, and being quite prone to degradative changes at an
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alkaline pH, high temperature, and in presence of light (Aditya et al. 2014). This
problem can be resolved by the development of nanoemulsion and incorporation in
food system acting as carrier. Ice cream is one such product which is liked by
almost all the age groups and in all seasons; so, it can be the best vehicle for the
encapsulated curcumin (Fig. 4.5).

4.6.2 Yogurt

Yogurt is a type of milk product prepared by the process of fermentation with bacte-
rial addition and also the incorporation of sweeteners and flavors. Yogurt is com-
monly utilized in daily diets due to the wide range of health benefits. The bacteria
used to make yogurt are known as yogurt cultures. Fermentation of lactose by these
bacteria produces lactic acid, which acts on milk protein to give yogurt its texture
and characteristic tart flavor. To produce yogurt, milk is first heated, usually to about
85 °C (185 °F), to denature the milk proteins so that they do not form curds. After
heating, the milk is allowed to cool to about 45 °C (113 °F). The bacterial culture is
mixed in, and the temperature of 45 °C is maintained for 4—12 hours to allow fer-
mentation to occur. Fish oil can be used as supplements to different food items, but
because of less solubility in water, it is challenging to add fish oil into fortified and
functional foods which may result in poor bioavailability. For a higher bioavailabil-
ity and better protection against the quality declination, nanoemulsion technique is
considered as the most advanced and effectual encapsulation method in which lipids
are added to the liquid phase which will enhance the dispersion in the food systems.
The water solubility of lipophilic bioactive compounds and oils can be increased
with the help of nanoemulsion technology. High-energy methods like sonication
and high-pressure homogenization are normally used for the preparation of fish oil
nanoemulsion. Nanoemulsion is helpful in protecting the antioxidant potential of
y-oryzanol and aids in the health benefits of yogurt. Yogurt fortified with fish oil/y--
oryzanol nanoemulsion can be prepared by the incorporation of 13 g fish oil or
y-oryzanol nanoemulsion in 100 g sample of yogurt and refrigeration at 4 °C for
21 days in a glass jar which is tightly closed. There will be a gradual decrease in the
peroxide value, syneresis, and acidity along with a higher retention of docosahexae-
noic acid and eicosapentaenoic acid during the incorporation of y-oryzanol and fish
oil-enriched nanoemulsion in yogurt. The viscosity of yogurt fortified with
y-oryzanol/fish oil nanoemulsion will be lower. Incorporation of nanoemulsion will
not alter the crystallization and melting nature of yogurt which are fortified.

4.6.3 Quality Preservation

The main reason for the spoilage in milk is due to the action of microorganisms and
can be determined by sensory, sanitary, technological, and nutritional parameters.
Addition of Thymus capitatus essential oil or their nanoemulsion into a variety of
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Mix of components like sugar,
emulsifier, skim milk powder
and stabilizer.

Making of the ice cream and milk
as a mixture.

Mix them at 60 - 70°C (Hot plate magnetic stirrer)

Homogenize at 65°C with 2000 psi
pressure at first stage and 500psi at
second stage. (High speed homogenizer)

Nanoemulsion of

Curcumin

Pasteurize it at 85+2 °C/5 min

Cool it (0 — 4 °C)

Colour and flavour

Allow it to age for 24 hours
at0—4°C

Freeze and pack it at -5 to -7 °C (Batch type freezer)

Hardening

Storage (-18+2 °C)

Fig. 4.5 Flowchart showing the preparation of nanoemulsion using curcumin in ice cream
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spoiled milk will retard the bacterial growth, thereby improving the microbiological
as well as physicochemial qualities, and also their incorporation in semiskimmed
ultrahigh-temperature milk will enhance the fermentative and oxidative stability.
Degradation of protein by enzymes is responsible for the age gelation of ultrahigh-
temperature milk and poor stability of stored milk which is pasteurized. As com-
pared to nanoemulsion, free essential oils are more effective against protein
degradation. The quality preservation and shelf-life extension of milk can be easily
achieved by nanoencapsulated or bulk 7. capitatus essential oil.

4.6.4 Cheese

Dairy protein emulsion can act as delivery systems in the fortification of cheese with
the help of D; vitamin. In the presence of sunlight or after the uptake of supplements
and fortified food, essential vitamins like D vitamins will be synthesized in the body.
By delivering vitamin Dj in the oil-in-water emulsion phase, retention of curd can be
increased due to the more interaction between the curd and emulsifier. The retention
of curd can be improved even more by mixing the emulsion with milk proteins,
because of the increased interaction between casein protein of curd and dairy pro-
teins. If vitamin D is used in less amounts for the fortification of cheese and because
of the increased vitamin/whey protein ratio, there will be a huge loss of vitamin pres-
ent in whey. By adding D; vitamin as an emulsion and dairy proteins as emulsifying
agents, the retention of vitamin in cheese curd can be increased. Nonfat dry milk,
whey protein concentrate, and caseinates are the different varieties of protein powder
that can be incorporated for the formulation of emulsion which will not alter the D;
vitamin retention of curd. In an oil carrier, it is better to use milk protein emulsifying
agents rather than nanoemulsified D; vitamin.

4.6.5 Milk

The fortification of food with necessary micronutrients like vitamin A, D and E
have health benefits to humans and improve the quality of life by resisting dis-
eases like osteomalacia, suppressed immune system, osteoporosis, cancer, cardio-
vascular disease, vision loss etc. The solubility and bioavailability of vitamins can
be increased by encapsulating these vitamins using nanoemulsion based on lipids.
Oil-in-water-type emulsion are very effective type of emulsion for the encapsula-
tion and stabilization of lipophilic vitamins and thereby increase their bioavail-
ability. Hence, the intake of milk which enriched with vitamin D3 and calcium is
very effective in its bioavailability and helps in the reduction of risk factors like
aging, bone mass loss, and bone fractures. Gruenwald (2009) stated that skimmed
milk is a poor source of vitamins and is fortified with vitamin D; which helps to
increase calcium absorption in human beings. Basically, vitamin D is a lipid-soluble



114 A. Panghal et al.

neutraceutical which helps in the intestinal absorption of calcium, balance of
phosphorus, and promotion of bone formation. Because of the water-insoluble
nature, vitamin D is not found in food and beverages like low-fat milk and milk
products which are the main sources of phosphorus and calcium. Higher efficiency,
solubility, and stability can be easily achieved by lipid nanoparticles by acting as
a carrier.

4.6.6 Effects of Processing

This portion covers the general effects that occur when emulsifiers related to milk
are subjected to common processing conditions of food at the production stage of
emulsified foods. In addition to the general processes like shear and heat, processing
using high pressure is also noticed. This portion will focus on proteins because they
are the major emulsifying agents present in milk. Hydrophobicity, size, solubility,
flexibility, and charge are the major physicochemical characteristics that explain the
capacity of a protein to stabilize and form emulsion. Any type of process that can
influence these parameters can also have impact on the properties of emulsion. Also,
there will be a complex intermediate relation between several such attributes. For
example, to minimize a direct interaction with fluid solvent, the hydrophobic remains
of proteins commonly hide in their own core for maintaining solubility. The expo-
sure of these residues will enhance the surface activity of protein, but through hydro-
phobic interactions, they will also increase their susceptibility to aggregation. Thus,
there will be a reduction in their solubility, and as a result, their diffusing ability and
stability toward the interface will gradually fall. The common scheme which explains
the processing energy inputs like shear, heat, or high pressure and their effect on
solubility, structure of protein, and also functional properties is given in Fig. 4.6.

Increasing processing energy

Fig. 4.6 Processing energy effect on the structure of protein and its functionality, a general scheme.
(a) Quaternary structure of protein. (b) Releasing of several surface-active monomers of protein. (c)
Unfolding of tertiary structure due to further processing results in surface activity and optimal
hydrophobicity. (d) Occurrence of hydrophobic aggregation due to overprocessing. (e) Disruption
of the primary structure, which results in the reduction of functionality
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Protein ingredient which are produced commercially are normally subjected to
treatments like shear and heat, and as a result they form aggregates when rehydrated
in the preparation for use. A low surface activity and slower adsorbtion ability are
the properties of protein aggregates which may result in a lower effectiveness in the
stabilization of emulsion. Thermal processing may cause variations in hydration
mainly for higher hydrophobic residuals which decrease the hydrogen bonding,
vary the steric parameters and volume, and finally degrade the general structure.
A lower temperature can make an impact on the weaker bonds which disrupt the
quaternary structure (i.e., separation of oligomers) trailed by the breakdown of the
tertiary structure. The emulsification and foaming ability of skimmed milk powder
(SMP) will be highly reduced due to thermal treatments. Parris et al. (1991) observed
that thermal treatment on SMP stimulates the connection between casein micelles
and whey proteins, resulting in higher hydrophilic aggregates having minimal solu-
bility but with an enhanced emulsifying and foaming action. Dairy proteins can
stabilize emulsion, and they are commonly oil-in-water emulsion, and water is the
main constituent in such systems (Wilde 2009). Milk proteins like caseins are highly
sensitive to the strength of ions mainly the range of calcium. So hardness of water
has a tremendous effect on the emulsion stability which is stabilized by the action
of caseins. Higher level of calcium may cause flocculation of emulsion which are
stabilized by casein (Schokker et al. 2000; Dickinson 2003).

4.7 Challenges and Future Trends

Traditionally, milk was widely regarded as a cheap source of functional ingredient,
especially with the arrival of price-efficacious extraction and production technolo-
gies. The usage of dairy ingredient like caseins, milk fat globules, and whey are
gradually increasing in foods due to their beneficial health-supporting features.
The present report related to the future trends of food is of more concern regarding
the capacity of food to provide a better quality to life and increased health condi-
tions. Phospholipids, proteins, and peptides also have an effect on the health of
human beings via the availability of essential type of amino acids, bioactivity, and
signaling of homeostatic processes like enhancement in nervous and membrane
function, satiety, etc. The proof for ensuring the health-promoting effects of dairy
ingredient like peptides derived from casein, whey proteins (Frestedt et al. 2008),
and milk phospholipids (Noh and Koo 2004; Dewettinck et al. 2008) shows that
their inclusion in foods results in an increased health. Foods which can be emulsi-
fied are better dietary fat sources. As compared to conventional emulsifiers, whey
proteins can impact on the emulsion rheology, mainly due to charge interactions
and their interfacial rheology. Thus, dairy-based products can be used as ingredient
which are having different functions that supply physical stability as well as health
and nutritional benefits.
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5.1 Introduction

Nutraceuticals are isolated or purified from foods and have health benefits besides
providing nutrition; they are also used to prevent the occurrence of a disease or are
used in its treatment. They are usually sold in medicinal forms not associated with
the foods from which they are isolated. The success of nutraceuticals may be
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attributed to their trait of imparting desirable therapeutic benefits with a reduction in
the side effects associated with the pharmaceutical substances used in the prevention
and treatment of various ailments (Sahni 2012). Although the list of nutraceuticals
used in the treatment of diseases is quite long, over the past few years, phytochemi-
cals with potential health and physiological benefits—such as herbal polyphenols
(including curcumin, resveratrol, and rutin) and beta-carotene, present in colored
vegetables and fruits—have attracted researchers as well as consumers because they
not only can prevent and treat a number of diseases (such as cancers, cardiovascular
disorders, and even neurodegenerative disorders) because of their inherent antioxi-
dant property but also can improve immunity. However, the efficacy of many hydro-
phobic bioactives (pharmaceuticals, supplements, and nutraceuticals) is hindered by
limitations in their relative solubility, stability, and bioavailability.

A number of formulation approaches have been utilized for efficient delivery
of these nutraceuticals with the aim to enhance their biological activity.
Nanoparticle-based delivery systems are one of the promising technologies for
the nutraceutical industry.

5.2 System for Delivery of Phenolic Phytochemicals

Nanoparticles interact with phenolic compounds by hydrogen bonds and hydrophobic
interactions to encapsulate them in the nanoparticles; consequently, the aqueous solu-
bility of the phytochemicals is enhanced. These particles also prevent oxidation of phe-
nolic compounds encapsulated in the gastrointestinal tract. More importantly,
nanoparticles can be taken directly up by epithelial cells in the small intestine, which
significantly increases the absorption and bioavailability of phenolic phytochemicals.

5.3 Biocompatible and Biodegradable Nanoparticles

Liposomes, nanoemulsions, micelles, solid lipid nanoparticles (SLNs), nanostruc-
tured lipid carriers (NLCs) and poly(lactide-co-glycolic acid) (PLGA) nanoparticles
are commonly used biocompatible and biodegradable nanoparticles, and they can be
administered via different routes, including oral, intravenous, intraperitoneal,
and transdermal administration (Wang et al. 2014; Prasad et al. 2017a). Different
types of highly efficient nanomedicines have been used to enhance the physico-
chemical properties and efficacy of phytochemicals. Nanomedicines can be
broadly classified, on the basis of their chief formulation components, into
organic and inorganic nanomedicines (Fig. 5.1). Organic nanomedicines can be
subclassified into lipid-based nanomedicines (e.g., liposomes, SLNs, NLCs, and
lipid micelles) and polymer-based nanomedicines (e.g., polymeric nanoparticles,
polymeric micelles, polymer—drug conjugates, and dendrimers) (Table 5.1).
Inorganic nanomedicines include magnetic nanoparticles, gold nanoparticles
(GNPs), and carbon nanotubes (CNTs) (Rizwanullah et al. 2018).
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Table 5.1 Nanostructured systems for delivery of nutrients

Organic
nanoparticles

Characteristics

Potential uses

Lipid-based nanoparticles

Liposomes Vesicles formed with a Delivery of both hydrophilic and
phospholipid bilayer with an hydrophobic compounds
aqueous interior, 50 nm-1 pm in (Singh et al. 2012)
diameter (Singh et al. 2012)
Solid lipid Prepared from a lipid matrix, Delivery and stabilization of
nanoparticles particle size 50-1000 nm (Miiller hydrophobic materials
et al. 2000) (Peres et al. 2016)
Nanostructured | Solid matrix at room temperature, | Delivery of both hydrophilic and

lipid carriers

variable size from a few nanometers
to 3 pm (Miiller et al. 2006)

hydrophobic drugs (Kim et al. 2005)

Microemulsions | Oil-in-water nanoemulsions, droplet | Increased bioavailability of
radius < 100 nm, diameter encapsulated lipophilic bioactives
<200 nm (McClements 2013) (McClements 2013)
Lipid-core Soluble copolymers with lipids, Effective solubilization of a broad
micelles 7-35 nm in size (Torchilin 2005) variety of poorly soluble drugs and

diagnostic agents (Torchilin 2005)

Polymer-based nanoparticles

Polymeric Fine particles, 100-2500 nm in Stabilization and protection of drug
nanoparticles size; ultrafine particles, 1-100 nm | molecules such as proteins, peptides, or
in size (Bennet and Kim 2014) DNA molecules from various
environmental hazards and degradation
(Kawashima 2001; Soppimath et al.
2001; Prasad et al. 2017a)
Polymeric Spherical, colloidal, supramolecular | Delivery of drugs and nucleic acids
micelles nanoconstructs, 10-100 nm in size | (Jhaveri and Torchilin 2014)
(Yokoyama et al. 1998; Croy and
Kwon 2006)
Dendrimers Three-dimensional, multiply Active and passive delivery system for

branched, well-organized,
nanoscopic macromolecules
(Madaan et al. 2014)

phytochemicals (Madaan et al. 2014)
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5.4 Organic Nanoparticles

5.4.1 Lipid-Based Nanoparticles
5.4.1.1 Liposomes

Liposomes are often employed as delivery systems for transporting substances into
the body for absorption in the mouth (Silva et al. 2012; Rogers and Anderson 1998)
or preventing breakdown by gastric acid (Patel and Ryman 1976). Basically, lipo-
somes are phospholipids, which are amphipathic in nature. When phospholipids
(e.g., phosphatidylcholine and dipalmitoyl) are dispersed in water, the molecules
aggregate and form a bilayer to minimize contact between the hydrophobic fatty
acid chains and the hydrophilic aqueous environment. These structures are called
liposomes. They have the same aqueous phase on both sides of the phospholipid
bilayer, and their diameter may vary from 50 nm to 1 pm (Singh et al. 2012). They
are often employed as delivery systems for bioactive compounds, as during the for-
mation of the liposome, hydrophobic material may be incorporated into the lipid
membrane, while hydrophilic molecules present in the aqueous phase may become
trapped inside the liposome (Singh et al. 2012). The entrapment of flavors is a major
area of research on liposome applications in food systems. Liposomes improve the
in vivo biocompatibility and pharmacokinetics of drugs, and their properties may be
optimized by simply changing the composition of the bilayer components (Hofheinz
et al. 2005; Tattersall and Clarke 2003).

In recent years, several nutraceutical products (vitamins, enzymes, and herbal
extracts) have been formulated using liposome technology (Keller 2001). These
products have been designed to improve nutrient/bioactive solubilization and
enhance absorption. Polyphenols entrapped in liposomes have been shown to be
effectively taken up by cancer cells and inhibit their proliferation (Fang et al. 2005;
Narayanan et al. 2009). Vitamin A (retinol) entrapped in liposomes may be pro-
tected from heat- or light-induced degradation (Lee et al. 2005). Concurrent encap-
sulation of vitamin E with vitamin C has also been reported (Marsanasco et al.
2011). Further, to offer a new approach to entrap an aqueous soluble drug and an
insoluble drug together, liposomes loaded with tea polyphenol (which is water sol-
uble) and vitamin E have been investigated (Fang et al. 2005; Ma et al. 2009) for
local delivery, including skin and tumor deposition. Encapsulation efficiencies of
94% and 50% were reported for the hydrophobic and hydrophilic compounds,
respectively (Ma et al. 2009). Later, by use of a dispersion method, nanotea lipo-
somes were prepared using lecithin and cholesterol, and these liposomes were
found to be stable and suitable for widespread applications (Lu et al. 2011).

5.4.1.2 Solid Lipid Nanoparticles

SLNs were first introduced in the early 1990s and are prepared from a lipid matrix,
with final particle sizes ranging between 50 and 1000 nm (Miiller et al. 2000). A wide
variety of SLNs have been developed, and it has been determined that in their
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formulation, a lipid, an emulsifier, and water are needed as essential excipients
((Nunes et al. 2017). The lipids normally have a melting point above room and body
temperature, and, by definition, they can be triglycerides; mono-, di-, and triglycer-
ide mixtures; waxes; or hard fats. The emulsifiers used to stabilize the lipid disper-
sion are commonly types of poloxamer and polysorbate, but also may be lecithin,
tyloxapol, sodium cholate and sodium glycocholate, taurodeoxycholic acid sodium,
butanol and butyric acid, cetylpyridinium chloride, sodium dodecyl sulfate, sodium
oleate, polyvinyl alcohol, and cremophor EL (Miiller et al. 2000; Severino et al.
2011). Several methods are available to prepare SLNs, such as high-pressure
homogenization (hot and cold), microemulsion, solvent emulsion by evaporation
or by diffusion, melt dispersion, double emulsion, high-speed stirring, and ultra-
sonication techniques. Several novel techniques are also used, such as a membrane
contactor, solvent injection, multiple emulsion, and supercritical fluid technology
(Parhi and Suresh 2010).

The reduction of the particle size and the use of nontoxic materials make SLNs
important carriers, combining advantages such as the possibility of controlled drug
release and drug targeting, excellent tolerability, capacity for incorporating hydro-
philic and lipophilic drugs, increased physical drug stability, and enhancement of
bioavailability of the entrapped bioactive, which make them one of the most widely
used systems (Weiss et al. 2006; Parhi and Suresh 2010; Severino et al. 2011). In the
field of food nanotechnology, and considering the health-promoting properties of
phenolic compounds, many studies associated with the development of systems for
delivery of phenolic compounds have been published in recent years (Munin and
Edwards-Levy 2011), especially to overcome the problem of oral absorption and
bioavailability, allowing a greater nutraceutical effect to be associated with these
compounds. Along with enzymes (porcine pancreatic lipase and colipase), fatty
acids (omega-3), vitamins (E and D,), and antibiotics (clotrimazole, cyclosporine,
and rifampicin), SLNs are also used to load phytochemicals (Nunes et al. 2017).
The solid lipid matrix has been shown to protect chemically labile compounds, such
as phenolic compounds, from degradation (Trombino et al. 2009). Emulsification—
evaporation for benzoic acid (Wang et al. 2012a), hot homogenization for ferulic
acid and resveratrol (Trombino et al. 2013; Neves et al. 2013), solvent injection for
curcumin (Wang et al. 2012b), microemulsion for sesamol (Geetha et al. 2015), hot
homogenization and ultrasonication for quercetin (Han et al. 2014), and microemul-
sion for p-carotene and a-tocopherol (Trombino et al. 2009) have been adopted.

5.4.1.3 Nanostructured Lipid Carriers

SLNs and lipid emulsions (LEs) are colloidal systems with solid and liquid lipid
cores, respectively. These systems exhibit several advantages for delivery of lipo-
philic drugs, such as the use of biocompatible lipids, large-scale production, protec-
tion of drugs from degradation, improved bioavailability, and controlled-release
characteristics (Miiller et al. 2000). However, these formulation systems have
certain drawbacks such as restricted drug-loading capacities, expulsion of the drug
from the formulation, and high surfactant concentrations (Khan et al. 2015).



124 S. Punia et al.

Recently, NLCs have attracted huge attention for oral delivery of lipophilic drugs.
Their exclusivity lies in their unique matrix composition, which contains a mixture
of incompatible liquid lipids and solid lipids in appropriate and permissible pro-
portions. The presence of solid-cum-liquid lipids in NLCs leads to greater drug
encapsulation and loading, and long-term colloidal stability (Muchow et al. 2008;
Uner and Yener 2007; Almeida and Souto 2007).

5.4.1.4 Nanoemulsions

Nanoemulsions have advantages over other types of delivery systems for certain
applications because of their high physical stability, good optical clarity, rapid
digestibility, and effectiveness at enhancing bioavailability (McClements 2011).
Nanoemulsions are oil-in-water (O/W) or water-in-oil (W/O) dispersions of two
immiscible liquids stabilized using an appropriate surfactant (Mason et al. 2006).
This results in an ultrafine dispersion whose differential drug-loading, viscoelastic,
and visual properties can cater to a wide range of functionalities, including drug
delivery (Singh et al. 2017). Nanoemulsions consisting of small lipid droplets
(radius <100 nm) dispersed in water are designed to improve bioavailability
(Aboalnaja et al. 2016), and to encapsulate, protect, and deliver various kinds of
hydrophobic bioactive agents to improve their bioaccessibility (Ahmed et al. 2012;
Pool et al. 2013; Salvia-Trujillo et al. 2013; Yang and McClements 2013; Zheng
et al. 2014; McClements 2010; Pathak and Raghuvanshi 2015; Zhang and Wu
2015). O/W nanoemulsions consisting of small oil droplets (radius < 100 nm) dis-
persed within an aqueous solution (McClements 2011) encapsulate (Porter et al.
2007; McClements 2012), protect, and deliver lipophilic bioactive components,
such as drugs and nutraceuticals (food components with specific health benefits)
(McClements 2013). W/O nanoemulsions (Porras et al. 2004; Melo et al. 2001)
form a class of emulsions that have nanosized water droplets dispersed in organic
media through the action of surfactants. Because nanoemulsions have small droplet
sizes and narrow distributions, these emulsions may appear transparent or translu-
cent, like microemulsions (Wang et al. 2007). A common surfactant employed in
nanoemulsions is lecithin (phosphatidylcholine) derived from egg yolk or soybean
(Klang and Valenta 2011). Surfactants such as sodium deoxycholate (bile salt) (Nasr
etal. 2012; Vyas et al. 2008) and cremophor EL (polyoxyl-35 castor oil) (Vyas et al.
2008; Zhang et al. 2016) have been used in marketed parenteral products. Tween 20,
40, 60, and 80 (polyoxyethylene sorbitan monolaurate) (Wang et al. 2008; Azeem
et al. 2009; Jo and Kwon 2014); Span 20, 40, 60, and 80 (sorbitan monolaurate)
(Polychniatouand Tzia2014;Jadhavetal.2015); and Solutol HS- 15 (polyoxyethylene-
660-hydroxystearate) are also regularly used (Scheller et al. 2014).

Nanoemulsions containing droplets of different sizes, charges, compositions,
and physical states can be produced by appropriate selection of ingredients and
homogenization methods (McClements and Rao 2011; Pouton and Porter 2008;
McClements 2011). Nanoscale emulsion systems enhance the oral bioavailability of
lipophilic compounds by improving their aqueous solubility, increasing their passive
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diffusion rate, and facilitating their direct uptake by the intestinal lymphatic system.
Bioavailability studies of lipophilic nutraceuticals—such as puerarin (found in the
roots of Pueraria lobata (Yu et al. 2011)), curcumin (from Curcuma longa L.
(Yu and Huang 2012)), and resveratrol (extracted from grape skin (Sessa et al.
2014))—in nanoemulsion systems have shown significant improvements in bio-
availability in comparison with nonemulsion-based oral formulations. Iron-based
nanoparticles have been synthesized using oolong tea extracts for environmental
remediation, removing 75.5% of malachite green (50 mg/L) (Huang et al. 2014).

5.4.1.5 Micelles

Micelles are lipid molecules that arrange themselves in a spherical form in aqueous
solutions. Lipidic micelles are gaining increasing attention for being effective in
improving the solubility and bioavailability of lipophilic drugs. The nanometric size
of micelles promotes oral absorption in the intestine (Lukyanov and Torchilin 2004).
Micelles formed by conjugates of soluble copolymers with lipids (such as
poly(ethylene glycol)—phosphatidyl ethanolamine (PEG-PE) conjugate), with a size
of 7-35 nm, are of special interest (Torchilin 2005). These lipid-core micelles have
the potential to solubilize poorly soluble drugs and diagnostic agents, and are capa-
ble of delivering incorporated drugs directly into the cell cytoplasm (Torchilin 2005).
Micelles can increase the aqueous solubility of hydrophobic phytochemicals,
enhance their bioavailability, reduce their adverse effects (such as toxicity), enhance
their permeation across physiological barriers, and change their biodistribution in the
body (Torchilin 2007).

5.4.2 Polymer-Based Nanoparticles
5.4.2.1 Polymer Nanoparticles

These types of nanoparticles are easily made—mostly from biodegradable poly-
mers—and can increase the stability and time of circulation. Synthetic polymers
have many advantages over natural polymers, including high purity and reproduc-
ibility (Astete and Sabliov 2006). They also have the properties of increasing drug
efficacy and sustained release (Kim and Martin 2006), and, in addition to being non-
toxic, they are biocompatible and suitable for scale-up methods (Prasad et al. 2017a).
Nanoencapsulation with biodegradable polymers is a promising prospect in the food
industry for controlled delivery of antimicrobials to help prevent the onset of food-
borne illnesses (Weiss et al. 2006). The most widely used polymers are PLGA and
poly(lactic acid) (PLA) (Abdollahi and Lotfipour 2012). PLGA is approved by the
US Food and Drug Administration (FDA) for use in human therapy (Mahapatro and
Singh 2011) and is widely used in pharmaceutical applications in areas such as gene
therapy, targeted drug delivery, and delivery of active agents such as proteins,
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vitamins, and pharmaceutical drugs (Des Rieux et al. 2006; Prasad et al. 2017a).
PLGA nanoparticles have also been used as carriers to deliver many phytochemicals
such as curcumin, resveratrol, and quercetin (Khalil et al. 2013; Sanna et al. 2015;
Pool et al. 2012). PLGA is biocompatible and biodegradable because it yields lactic
acid and glycolic acid after it undergoes hydrolysis in the body.

5.4.2.2 Polymer Micelles

Polymeric micelles are spherical, colloidal, supramolecular nanoconstructs,
10-100 nm in size (Yokoyama et al. 1998; Croy and Kwon 2006). They demonstrate
various attractive properties as drug carriers (Kwon and Kataoka 1995; Jones and
Leroux 1999; Torchilin 2001). They are usually formed by self-assembly of amphi-
philic block copolymers (hydrophilic and hydrophobic units) in an aqueous envi-
ronment (Croy and Kwon 2006). The hydrophobic portion of the block copolymer
forms the core of the micelle, while the hydrophilic portion forms the shell (Jhaveri
and Torchilin 2014). Poly(ethylene glycol) (PEG) is used for the core (Trubetskoy
and Torchilin 1995), and the corona-forming polymers are (N-vinyl pyrrolidone)
(PVP) (Bailly et al. 2012) and poly(N-isopropylacrylamide) (PNIPAAm) (Kim
et al. 2013). The most promising advantage of polymeric micelles is solubilization
of poorly water-soluble or hydrophobic drugs within their core, thus enhancing their
bioavailability. Micelles have the ability to slow down opsonization, offering the
possibility of longer circulation times and reducing the side effects of the encapsu-
lated drug (Jhaveri and Torchilin 2014).

5.4.2.3 Dendrimers

Dendrimers are three-dimensional, nanosized, radially symmetrical molecules with
a well-defined and homogeneous structure consisting of various branches (Srinivasa-
Gopalan and Yarema 2007). They are formed by coupling of monomeric molecules
that have reactive and protective groups with a multifunctional core moiety, leading
to addition of generations around the core followed by removal of protecting groups
(Madaan et al. 2014). Of all of the dendrimers, the polyamidoamine (PAMAM) fam-
ily is the most widely exploited type of dendrimers and was the first to be commer-
cialized (Klajnert and Bryszewska 2001). Others are poly(propylene imine) (PPI),
poly(ester amine) (PEA) (Dufes et al. 2005; Wolinsky and Grinstaff 2008), and poly-
L-lysine (PLL) (Palmerston Mendes et al. 2017), which have been explored as drug
delivery vehicles. They have low polydispersity (Gillies and Frechet 2005) and the
ability to easily cross biological barriers (Kievit and Zhang 2011). Their structural
and functional properties allow dendrimers to act as carriers/delivery systems for
phytochemicals (Patri et al. 2005), making them attractive carriers for anticancer
therapeutics (Kesharwani et al. 2014).
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5.5 Inorganic Nanoparticles

Inorganic nanoparticles are nontoxic, with good biocompatibility, strong affinity
between carriers and biomolecules, and high stability in comparison with organic
nanoparticles (Xu et al. 2006). Inorganic nanoparticles—such as GNPs, silver
nanoparticles, ceramic nanoparticles, carbon nanoparticles, and CNTs—have been
the focus of very extensive research in many fields. Inorganic nanoparticles can be
classified into three main categories—(1) transition metal nanoparticles, (2) ceram-
ics nanoparticles, and (3) carbon nanoparticles—in addition to other types. Transition
metal nanoparticles are gaining increasing interest in the medical field (Bhattacharyya
etal. 2011). GNPs are used in different domains, one of the most important being the
biomedical field. They have favorable properties for controlled drug delivery and
cancer treatment because of their excellent compatibility with the human organism,
low toxicity, high stability, small dimensions, and ability to interact with a variety of
substances (Rizwanullah et al. 2018). Silver nanoparticles have been employed in
sensor technology (Gomez-Romero 2001), biological leveling (Qiu et al. 2004), and
many other biomedical applications (Asha Rani et al. 2009; Li et al. 201 1a, b; Pollini
etal. 2011; Patil et al. 2012; Prasad 2014). Platinum nanoparticles are widely used as
catalysts (Narayanan and El-Sayed 2004) and in many biomedical applications, in
combination with other nanoparticles in alloy, core—shell, and bimetallic nanostruc-
tures (Hrapovic et al. 2004).

Ceramic nanoparticles are mostly composed from oxides, nitrides, and carbides,
with silica (Si0,) being most frequently used. Mainly, they are used as hollow shells
or cores coated with biodegradable and biocompatible polymers. Such surface mod-
ifications improve the properties of these nanoparticles, especially for targeted
delivery (Odeh et al. 2014).

CNTs have gained increasing attention in the biomedical field in the last two
decades because of their unique structure and physicochemical properties, including
large aspect ratios, large surface areas, easy surface engineering, and size stability on
the nanoscale. Particularly, they are attractive as nanocarriers and mediators for cancer
treatment. Through appropriate functionalization, CNTs have been used as nanocarri-
ers for various hydrophilic and lipophilic anticancer drugs (Son et al. 2016).

5.6 Toxicological Aspects

Nanomaterials are rapidly becoming a part of our daily life in the form of cosmetics,
food packaging, drug delivery systems, therapeutics, biosensors, etc. (Prasad et al.
2014, 2017b, c) Besides the benefits of nanoparticles, there are open questions about
how these particles, used in day-to-day life, may affect humans and impact the envi-
ronment. Nanostructures in the food sector may not have direct effects on human
health; however, they may cause some unavoidable side effects. Nanotoxicity (toxic-
ity produced by nanomaterials) due to overproduction of reactive oxygen species
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(ROS) induces oxidative stress, resulting in cells failing to maintain normal physio-
logical redox-regulated functions. Thus, nanotoxicity may lead to DNA damage,
unregulated cell signaling, changes in cell motility, cytotoxicity, apoptosis, and cancer
initiation (Aziz et al. 2019). Another concern is that (silver and zinc oxide) nanoparti-
cles may migrate into food when they are used in packaging materials. Leaching of
silver and zinc ions into food substances may accelerate degradation of nutrients.

5.7 Future Perspectives

As reported in many in vitro and in vivo studies, nanoparticles may enhance the
anticancer activities of nutraceuticals, but there are still concerns regarding their
cost, safety, side effects, and long-term toxicity. Therefore, a comprehensive assess-
ment of potential risks to human health is essential before nanofood products are
made commercially available. Regulations concerning the impacts of these nano-
materials on human and environmental health need to be established to ensure food
safety. However, no universal guideline has been specifically developed for safety
assessment of nanomaterials in food. Therefore, more studies need to be conducted
to evaluate the potential toxicity of nanomaterials or nanostructures that are to be
used in food science and related industries. Further research is also needed before
antimicrobial nanocomposite packaging materials—which could result in migration
of nanoparticles into food—are commercialized.

5.8 Conclusions

Nanotechnology is truly a multidisciplinary science, and its application in drug
delivery has already had a significant impact in many areas of medicine.
Nanoparticles have been investigated as promising delivery systems for controlled
release and improved bioavailability and bioefficacy of nutraceuticals.
Nanotechnology can also improve the stability of encapsulated bioactive nutrients
and non-nutrients against environmental changes and control their release. As nutra-
ceutical carriers, nanoparticles have promising potential for maintaining and pro-
moting health, as well as for preventing and potentially treating disease.
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6.1 Introduction

The current food market is experiencing various challenges due to increased con-
sumer awareness, competition in the market, rapidly changing food choices, and the
demand for functional foods. Continuous efforts are being made by researchers and
industries to incorporate bioactive compounds in food to enhance their appeal and
health benefits for consumers. However, thermal processing, which is a widely used
processing technique in the food industry, leads to destruction/reduction of these
valuable nutrients. Thus, there is a tremendous need for some sort of protective
coating material or shield for efficient delivery of nutrients in the human system
(Canizales et al. 2018), and this technique is known as microencapsulation.
Microencapsulation is the process of entrapping tiny amounts of a core phase mate-
rial of interest in an exterior/shell material with advanced technology. In the food
and beverage industries, the microencapsulation market has been projected to grow
at a high compound annual growth rate (CAGR) of 13.1% from 2017 to 2022.
Research related to microencapsulation in food-related components was initiated in
the USA in the twentieth century, to prevent loss of volatiles and oxidation, and to
control flavor release in different foods (Sobel et al. 2014). Microencapsulation is
increasingly attracting the attention of the food industry as a means to enhance
product value and attain product differentiation.

Microencapsulation is the process of entrapping a component of interest in another
material in a miniature form. The encapsulated target component is known as the core
material, internal phase, active agent, or payload phase; the encapsulating material is
called a coating, shell, external phase, carrier material, or matrix. Different types of
encapsulates (viz., reservoir and matrix types) are formed, depending on the preparation
method. In the reservoir type, a shell surrounds the core material and is also called a
capsule, whereas in the matrix type, the active agent is dispersed over the carrier material
and can be found on the surface. Sometimes the active agent is strengthened by a coat-
ing, and this is called a capsule in the matrix type (Zuidam and Shimoni 2010).
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Microcapsules should be food grade, protective barriers to the inner phase, with the
ability to release the inner phase at a controlled rate. This technology can be suitable for
delivering bioactive compounds, providing natural flavor and color in food products,
controlling oxidative losses, and extending the shelf life of health foods (Mutukumira
et al. 2015). Microencapsulation can provide food with promising characteristics to
attract consumer interest and promote the relevant industry (Prakash et al. 2016). The
microencapsulation technique involves a series of different complex processes through
which incorporation of various biologically active materials into different foods is
done, providing functional and selected quality attributes to the target food sample
(Martin et al. 2015). This novel technique can be used to convey probiotics through
severe acidic conditions and ensure their efficient delivery to the gastrointestinal (GI)
tract by maintaining cell viability. This microencapsulation can improve viability, con-
trol release of encapsulated microorganisms in the gastrointestinal tract, and provide
favorable conditions for efficient colonization. The materials used for encapsulation of
microorganisms in the microencapsulating agent are soluble only in alkaline condi-
tions, which exist in the intestine. Recent research has focused on microencapsulation
of lactic acid bacteria (LAB) to retain their bacteriocinogenic and probiotic character-
istics in preparation of diverse food products such as yogurt, cheese, and milk. The
various microencapsulation methods differ from one another in different ways, viz.,
the type of encapsulating agent, both the physical nature and the chemical nature of
the food, and the material used. Physical methods include spray drying, spray cooling,
and extrusion, resulting in drying of microdroplets, their solidification by cooling, and
formation of microspheres by mechanical means. In chemical microencapsulation,
molecular inclusion and interfacial polymerization methods are used.

6.1.1 Probiotics

The dependence of the intestinal microflora on food makes it possible to take initia-
tives to alter the microflora in the human body by replacing harmful microbes with
useful microbes. Living microorganisms that are consumed in specific amounts to
improve the intestinal microflora are known as probiotics. Probiotic foods provide
various health benefits by balancing the microbial count in the intestines; enhancing
immunity; promoting synthesis of vitamins such as nicotinic acid, folic acid, and
vitamin B; stimulating calcium absorption and reduction of serum cholesterol lev-
els; enhancing nutrient digestibility; restricting the effects of foodborne pathogens;
and ameliorating cardiovascular disease, pancreatitis, and hypercholesterolemia
(Homayouni et al. 2012; Sanders et al. 2005; Suvarna and Boby 2005; Parvez et al.
2006; Oxman et al. 2001). Probiotic bacteria can be utilized in a wide range of
foods, including dairy products (such as cheese, dairy desserts, ice cream, and
yogurt) and nondairy products (such as cereals, chocolate, and juices). With the
growth in the geriatric population, consumers’ consciousness of their well-being,
health care costs, and changes in lifestyle are expected to drive growth of the probi-
otic foods market. The microorganisms contained in probiotic foods should be
capable of colonizing the intestine, benign to epithelial cells, bile and acid tolerant,
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Fig. 6.1 Residence times of food and pH ranges in different parts of the digestive system

nonpathogenic, and categorized as GRAS (Generally Recognized as Safe) (Panghal
et al. 2018). The most important criterion for beneficial effects of probiotic cells on
the host’s health is the viability of the microorganisms. Probiotic microorganisms
must survive to reach their target site of action. Many researchers have reported
poor survival of probiotic bacteria in products containing free probiotic cells (De
Castro-Cislaghi et al. 2012). For effective delivery and stability of microorganisms,
encapsulation is required.

For effective probiotic microencapsulation, there is a need to understand the
delivery system for controlled release of the microorganisms and the physiology of
the gastrointestinal tract, which is composed of the alimentary canal (which runs
from the mouth to the anus) and associated glands, chemicals, hormones, and
enzymes that assist in digestion (Reed and Wickham. 2009). After ingestion, loss of
bacterial viability is observed because of the highly acidic conditions. There are
huge variations in the transit time (from 5 min to 2 h) and pH (1-2.5), depending on
the age of person, the amount of food intake, and the frequency of intake. Food
travels via the stomach before reaching the small intestine; the transit time varies
depending on the properties of the food (Fig. 6.1). There is a pH difference between
the proximal region (pH 6.15-7.35) and the distal region (pH 6.80-7.88) of the
small intestine. Food reaches the large intestine after it passes through the small
intestine, and the pH then decreases to pH 5.20-7.02 in the descending colon and
pH 5.26-6.72 in the ascending colon. The large intestine contains a large number of
microorganisms that are beneficial for human health.
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6.2 Probiotic Encapsulation and Applications
of Encapsulated Probiotics

The probiotic encapsulation process is done with the involvement of cell immobili-
zation through physical entrapment in a polymeric network. After immobilization,
LAB can provide numerous advantages (in terms of metabolic and biomass production)
in comparison with a free cell system. The benefits of immobilization of LAB
include protection of the cells from chemicals, reusability of biocatalysts, improve-
ment of the plasmid balance and hindrance of loss during the washing process, high
cell concentrations, protection of cells from physical hazards, and greater hindrance
of bacteriophage invasion through different contamination events (Rubio et al.
2014). The efficiency of microencapsulation is very high in processing of a highly
viable bacterial starter culture. Encapsulation also extends the shelf life—as was
observed in encapsulated Lactobacillus rhamnosus VTT E-97800 at room tempera-
ture for 6 months—and the shelf life can be further extended to 18 months in cryo-
genic storage. Encapsulation with a mixture of alginate and glycerol increases the
survivability of a starter culture after deep freezing (Kavitake et al. 2017).

Encapsulation also improves probiotic viability significantly in harsh conditions. For
example, cellulose acetate phthalate (CAP)-based encapsulation of Bifidobacterium pseu-
dolongum resulted in better viability through the gastrointestinal tract in simulated condi-
tions (Iravani et al. 2015). The ability of Bifidobacterium longum to be viable in the
gastrointestinal tract in simulated conditions (pH 1.5) was improved by encapsulation with
calcium alginate. Coating of the alginate capsules containing Lactobacillus acidophilus
with calcium chloride improved the ability of L. acidophilus to tolerate the strong acid
(pH 2) and bile (1%). The nature of the capsule material, the capsule diameter, and the
coating thickness also affect the viability of cells. A thinner coating may lead to loss of the
protective effects of the encapsulation (Hamaguchi et al. 2018). In acid-bile conditions the
viability of probiotics encapsulated in alginate capsules shows a huge difference between
a capsule diameter of 20 pm and a diameter of 70 pm (Amine et al. 2014).

Encapsulation of probiotics not only has a protective action against unsupportive
acidic pH levels (high acidity, low pH) but also provides protection against drying and
against molecular oxygen from obligatory anaerobic microbes, digestive enzymes,
H,0,, and bacteriophages. During storage in refrigeration, greater acidity and a lower
pH decrease the viability of probiotics. A significant increase in the viability of bifido-
bacteria in frozen ice milk has been observed in alginate-encapsulated probiotics
(Kataria et al. 2018).

6.2.1 Biomass Production for Industrial-Scale Application
in Fermenters

Microencapsulation improves the ability of probiotic microorganisms to tolerate dif-
ferent stress factors (such as bacteriophage infection and chemical poisoning agents),
provides protection against genetic mutations, and enhances productivity during
severe agitation, with higher biomass production (Alting and Zhaoping 2015).
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6.2.2 New Methods in Food Manufacture

New products may be developed by adopting probiotic microencapsulation, which
also maintains the cellular metabolic activity of probiotics at a desirable rate. Yogurt
manufacturing by encapsulation of traditional yogurt probiotic microbes (such as
Streptococcus delbrueckii ssp. bulgaricus and Streptococcus salivarius ssp. thermo-
philes) provides better quality than traditional yogurt manufacturing. The ratio
between Lactobacillus delbrueckii ssp. bulgaricus and Streptococcus thermophiles
is maintained from the start to the end of the fermentation process, and, as a result,
control of the flavor is also possible (De Prisco et al. 2017).

6.2.3 Improved Sensory Properties of Probiotics

This technique also improves and maintains the sensory profile of formulated food.
Sharpness of flavor and overacidification of a product restricts the shelf life of the
product and its sensory score. Encapsulated probiotic food is comparatively less
sour because of lower acid production and decrease in pH even during storage. This
flavor fixation of fermented products by encapsulation of probiotics is possible
because the encapsulated cells are relatively or totally inactive metabolically; thus,
there is no alteration of flavor. In fermented probiotic products the acetic acid pro-
duced by Bifidobacterium spp. may develop an “off”” flavor because of vinegar taint
developing during the fermentation within the storage period. Microencapsulation
of Bifidobacterium spp. is a very effective solution to solve this problem because it
controls production of acetic acid by the encapsulated cells (Holkem et al. 2017).

6.3 Microencapsulation Methods

The process used to produce microencapsulated capsules involves different types
of methods, including fluidized bed layering, spray congealing, extrusion, and
spray drying.

Microcapsules should be prepared with controlled agitation, a moderate pH, a
low temperature, and reduced oxygen contact, and they should be functional at
room temperature as well as at 4 °C. The size of the particles can be up to 80 pm,
so that there is a smooth mouthfeel instead of a sandy mouthfeel. Thus, selection
of a suitable method is critical, as it affects the functionality as well as the cost of
the product (Table 6.1). Selection of the technique is done on the basis of following
aspects:

(i) What conditions can affect the viability of the probiotics?
(i) What are the techniques used during food production and preservation?
(iii)) What storage conditions need to be maintained before consumer use of this
encapsulated food product?
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(iv) What density and particle size are desirable to optimize the appeal of this
product?

(v) What are the mechanisms and initiators of release of this product at the
target site?

(vi) What are the cost restrictions?

6.3.1 Different Techniques Used for Microencapsulation
6.3.1.1 Spray Drying

Spray drying has primarily been used for flavor encapsulation since the 1900s and
is one of the most commonly used techniques because of its highly adaptive, consis-
tent, economical, and quality results. Spray-dried powder particles are relatively
small, uniform in size and shape, can be easily transported without any special
requirements, and can be stored for prolonged periods. The procedure includes scat-
tering of the core material and preparation of an emulsion, followed by homogeni-
zation of the fluid and subsequent atomization of the blend in the drying chamber
for evaporation. Matrix-type microcapsules are formed by this process (Table 6.1).
The process parameters, such as the feed rate, particle size, air current (counter- and
co-current), and temperature difference need to be controlled (Cook et al. 2012).
If the feed temperature is very high, volatile and sensitive compounds might be lost
before they get microencapsulated. Cracks on the microspheres and premature
release and destruction of the ingredients have been observed when high inlet tem-
peratures were employed. High temperatures during the process of splash drying
cause the cell pores to release intracellular substances. High temperatures used in
drying also affect the encapsulated probiotic bacterial cultures, as a temperature
beyond 85 °C is lethal to probiotic organisms (Ray et al. 2016). Appropriate changes
in and control of the handling conditions—for example, the inlet temperature (7;)
and the outlet temperature (7;) can result in better encapsulated cultures with cov-
eted particles. Different components that influence dried probiotic viability are the
kind of strain and its resilience in pressurized conditions, the drying temperature,
the time of introduction to heating (before a splash drying process), and the water
action and capacity conditions (after a shower drying process).

6.3.1.2 Freeze Drying

For production of a powdered probiotic product, freeze drying is used. The process
is based on sublimation, which takes place in three different phases of liquid, start-
ing with freezing, followed by primary and secondary drying. This process is better
than spray drying because it results in higher probiotic survival rates (Cook et al.
2012). Crystals formed during freezing might damage the cell membrane and also
create stress due to high osmolarity. Thus, different compounds such as trehalose,
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whey protein, maltodextrin, skim milk powder, and glucose are added to the media
to protect the cell membrane and thus improve the viability of the probiotic micro-
organisms. Sometimes a cryoprotectant can also be added to the media before fer-
mentation to reduce the osmotic differences between the external and internal
environments.

6.3.1.3 Fluid Bed

The main advantages of this process are based on its level of heat exposure and
comparatively low cost. The probiotic culture is encapsulated in a supporting mate-
rial (such as skim milk, alginate, and fat) before drying. Sometimes shellac—a puri-
fied product from the insect Kerria lacca (Coccoidea)—is also used as a coating
material for the capsules because it provides effective resistance against gastric fluid
and is of natural origin (Nedovic et al. 2011). However, because it has low solubility
in intestinal fluid, it is less often used as an enteric coating, especially for coatings
on hydrophobic substances. Polyvinylpyrrolidone, hydroxypropyl methylcellulose,
and sodium alginate have been used by researchers for enteric coating with addition
of the water-soluble polymer glyceryl triacetate and glycerol as a plasticizer
(Guignon et al. 2002). Probiocap and Duaolac have been used by some companies
to develop products and are used in multilayer coatings (Solanki et al. 2013).

6.3.1.4 Extrusion

The extrusion method uses hydrocolloids to encapsulate probiotic living cells.
The extrusion method is one of the most commonly used methods because of its low
cost, simplicity, gentle formulation conditions (which can include aerobic and
anaerobic conditions) and high viability. The extrusion method uses hydrocolloids
(alginate and Cu-alginate) to encapsulate probiotic living cells. This process
involves the preparation of a hydrocolloid solution, addition of microorganisms,
and extrusion of the cell suspension through a syringe needle. The droplets are
allowed to drip via a vibrating nozzle into a hardening solution, and formation of the
droplets occurs in a controlled manner. This technique is known as prilling (Bidoret
etal. 2017). An electrostatic field or coaxial flow is also used to produce small drop-
lets. Application of an electrical field gives rise to electrostatic forces, which disrupt
the liquid surface at the needle tip, creating a charged small droplet. For mass pro-
duction of beads, a multinozzle system or rotating disk system is used. Centrifugal
extrusion involves a nozzle with concentric orifices situated on the external bound-
ary of a rotating cylinder. The core material contents and the liquid shell materials
are pumped through the inner orifice and the outer orifice, respectively (Burgain
et al. 2015). With rotation of the system, capsules are formed by an extrusion rod.
However, this process cannot be applied for large-scale production, because micro-
bead formation is slow. This technology produces particles of a large size (500-
1000 nm), thus affecting the smooth mouthfeel of the product.
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6.3.1.5 Two-Step Drying

Generally, a higher temperature will be used at the inlet and outlets of a spray dryer.
This is done to produce a required dry powdered component with the required mois-
ture content—i.e., below 4%, which is helpful for further storage. Advancements in
drying conditions with an aim to optimize the survival of probiotics during storage
is required. To this end, scientists have developed a framework for utilization of
spray drying, with an inlet temperature of 80 °C, an outlet temperature of 48 °C, and
vacuum drying at a moderate temperature of 45 °C. This process results in greater
viability of probiotics at a lower cost (Ong et al. 2018).

Spray Freeze Drying

This type of drying method includes both freezing and spray drying techniques. The
probiotic cells are atomized into a vapor state in a liquid nitrogen environment,
producing scattered frozen beads, which are then dried in a dryer. However, this
procedure has a few limitations, including high energy requirements, a long handling
time, and a high cost (30-50 times the cost of spray drying) (Dolly et al. 2011).

Spray Chilling

Spray cooling is also known as spray chilling and spray congealing. This process is
very similar to spray drying, as it also forms small droplets. However, this method
is completely dependent on injection of cold air, which makes the substances solid.
Molten materials with bioactive components are atomized and become solid when
they meet the cold air. In the spray chilling technique, fat matrices are used as a car-
rier, but this is detrimental to the encapsulation ability and expulsion of the inner-
most material during extended storage, the polymeric arrangement, and the
crystalline structure properties of the lipid components during solidification. Spray
chilling is the least expensive encapsulation technology and is also used for genera-
tion of smaller beads (de Lara Pedroso et al. 2012).

6.3.1.6 Ultrasonic Vacuum Spray Drying

This technology has been developed to avoid oxidative and thermal stress. The system
works under a low temperature, and an ultrasonic nozzle and vacuum atmosphere are
also used in the chamber during drying (Semyonov et al. 2011).

6.3.1.7 Hybridization System

A hybridization system is used for a dry encapsulation technique. It contains a high-

speed rotor with a stator, a powder recirculation circuit, and six blades. Collisions occur
between a high-speed airstream generated by the rotating blades and a powder mixture
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(containing host and guest particles). The particles form an ordered mixture by embed-
ding of the guest particles on the surfaces of the host particles. This results in a high yield
of microcapsules, and heat-induced bacterial damage can be minimized by use of a
cooling system in which the temperature is maintained below 30 °C. Prebiotic sub-
stances—such as sorbitol, mannitol, lactulose, xylitol, inulin, fructo-oligosaccharide
(FOS), and raffinose—have been tested by use of this technique (Fayed et al. 2018). The
results showed that double microencapsulation by hybridization has beneficial effects
on the probiotic host.

6.3.1.8 Electrospinning

Electrospinning is a combination of electrospray and spinning. An electrical field
applied to the fluid melts the solution coming from a dye tip, which acts as an elec-
trode. Droplets are deformed and ejection of the charged jet from the tip leads to
formation of continuous fibers. The benefit of the electrospinning technique is that
it produces thin fibers or capsules a few nanometers in size with a large surface area.
This technique is attractive for various different applications because it allows large-
scale production. Electrospinning for encapsulation of probiotics has been done
using a protein-based matrix (whey protein concentrate) or a carbohydrate-based
matrix (pullulan). The cell viability in the whey protein concentrate microcapsules
was greater than that in the pullulan structures (Zaeim et al. 2018).

6.3.1.9 Impinging Aerosol Technology

Two separate aerosols are used in impinging aerosol technology, which includes a micro-
bial suspension in an alginate solution and calcium chloride. A mixture of the microbial
suspension and alginate is injected from the top of a cylinder, with calcium chloride being
injected from the base. The diameter of the alginate particles (and hence also that of the
microcapsules produced by this technique) is <40 pm (Sohail et al. 2011).

6.4 Supporting/Wall Materials

In microencapsulation, the microsphere stability and the encapsulation efficiency are
of great importance and are dependent on the material used for encapsulation, known
as the wall or supporting material. The supporting/wall material should be soluble in
water, since most spray drying suspensions are water based and easy to dry. The sup-
porting material should be compatible with the core materials and of low viscosity, and
it should possess good mechanical strength, emulsification properties, and film-form-
ing properties. Biopolymers, low molecular weight carbohydrates, natural gums (aca-
cia, k-carrageenan, and alginates) and proteins (whey protein and gelatin) are generally
considered good wall materials. The use of carriers such as FOS, maltodextrin, arabic
gum, inulin, polydextrose, skim milk powder, and soy milk protein in the suspension
may have significant effects on the viability (Table 6.2). Since these wall materials
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contain prebiotic sources, when they are mixed with probiotics, the resulting powders
can be considered synbiotics.

6.4.1 Alginate

Alginate, a linear heteropolysaccharide, is composed of D-mannuronic and L-guluronic
acids. The composition and the sequence of L-guluronic acid and D-mannuronic vary
widely, depending on the source, and thus control the functionality of the alginate. A
mixture is made by mixing a cell suspension with a solution made of sodium alginate.
This mixture is dripped into a solution containing cations (usually CaCl, as a form of
Ca*) to form beads. A gel sphere is formed instantly from the droplets, and the gel
sphere entraps cells in a three-dimensional (3D) structure. Sodium ions from the gulu-
ronic acids are exchanged with divalent cations (Ca*, Ba?*, or Ca*") to form the poly-
mer cross-linking (Ahmadi et al. 2018). Microencapsulation of probiotic microbes is
also done by using calcium alginate, in a concentration range of 0.5-5%. Microcapsules
can also be formed by internal gelation with alginate, using a solution containing
calcium carbonate. An organic acid like acetic acid is added to the solution, followed
by formation of a water-in-oil emulsion. The organic acid penetrates the water phase
and reacts with the calcium carbonate, freeing up carbonic acid and calcium carbonate.
The reaction between calcium ions and the alginate forms an egg-box structure
(Chévarri et al. 2010). Blending with cornstarch or creation of a semipermeable
membrane layer of chitosan surrounding the capsules improves the efficiency and
effectiveness of the encapsulation process.

6.4.2 Carrageenan

The neutral polysaccharide k-carrageenan is used as a food additive and as a micro-
encapsulation support system. At a 2-5% concentration, carrageenan needs a tem-
perature between 60 °C and 90 °C for proper dissolution. Gelation of the mix is done
by adding probiotics to a polymer solution kept at 40—45 °C or by keeping it at room
temperature. Beads are formed and, to prevent swelling of the gel, K* (in the form of
KCl) is added to stabilize the gel, otherwise gelation will be induced. However, KClI
has an inhibitory action against some LAB, so other ions such as Cs*, NH*, and CS*
are recommended (Shi et al. 2013).
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6.4.3 Whey Protein

Whey protein possesses high nutritional values and excellent functional properties,
making it suitable for microencapsulation. Capability of this protein to bind with a
wide variety of active molecules makes it an effective transporter for the safe deliv-
ery of compounds to the host (Ahmadi et al. 2018).

6.4.4 Pectin

Pectin is a heteropolysaccharide, which can be extracted from almost all fruits. It is
used as a dietary fiber source and as a gelling agent in the food industry (Zaeim et al.
2018). Pectin remains intact in the stomach and small intestine; thus, it can be used
as a coating material for microencapsulation. Gebara et al. (2013) reported that a
microencapsulation system using pectin microparticles with whey protein resulted
in far greater protection of L. acidophilus in comparison with free cells.

6.4.5 Milk

Pure milk, along with other supporting materials, can be used as an encapsulation car-
rier. Use of locust bean and carrageenan to coat microparticles of milk has been found
to provide increased protection for L. bulgaricus, but the microspheres were irregular
in shape and possessed poor mechanical strength. This problem can be resolved by
using alginates with milk, and these microspheres are effective for probiotic protection
in an extreme simulated gastrointestinal environment (Shi et al. 2013).

6.4.6 Sodium Carboxymethyl Cellulose

Sodium carboxymethyl cellulose (NaCMC) is a water-soluble cellulose derivative
containing linked glucopyranose with different levels of carboxymethyl substitu-
tion. In drug and probiotic delivery, the importance of NaCMC is due to its gastric
acid resistance and solubility within the intestine. A type of microcapsule has been
developed in which NaCMC and a Lactobacillus reuteri cell suspension were used
with and without rice bran emulsified by palm oil and cross-linked with aluminum
ions. The viability of Lactobacillus reuteri was improved by the microencapsulation
process utilizing rice bran and NaCMC, even after heat exposure. Hence, these par-
ticles can be used for probiotic product development involving thermal treatment at
any stage of processing (Martin et al. 2015).
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6.4.7 Cellulose Acetate Phthalate

Being safe in nature, CAP is used to control the release of drugs within the intestine.
CAP is soluble in a medium with a pH >6, as it contains a phthalate group, but it is
insoluble in a medium with a pH < 5. This clearly suggests that microencapsulation
using CAP will increase the efficiency of delivery of probiotics in the gastrointesti-
nal tract. Addition of CAP to an emulsion prepared using oil and starch will increase
the viability of probiotic microbes in simulated gastrointestinal conditions.

6.4.8 Chitosan

Chitin is a linear polysaccharide obtained from crustacean shells by a process of
deacetylation, and has a positive charge. Chitosan has the ability to form a gel simi-
lar to alginate, and it is water soluble at a pH < 6 (Chavarri et al. 2010).

6.4.9 Gelatin

Partial hydrolysis of collagen produces gelatin, which has a special structure and
versatile functional characteristics. Gelatin forms a solution of high viscosity when
mixed with water, which can change its form from a viscous solution to a jelly form
on cooling. Synergetic effects are produced when gelatin, which is amphoteric,
is used together with gellan gum (Riaz and Masud 2013). At a pH > 6 the aforemen-
tioned polymers are miscible; they repel each other as they carry a net negative charge.
At a pH < 6, the net charge of gelatin is positive and thus attracts the negatively
charged gellan gum. A mixture of gelatin and toluene di-isocyanate used for encapsu-
lation of Lactobacillus ssp. cremoris improved the crack tolerance of the capsules
even at high concentrations (Gbassi and Vandamme 2012).

6.4.10 Chickpea Protein

Because of its remarkable functional properties and nutritional importance, chick-
pea is utilized as an encapsulation material. Its use also addresses some concerns
regarding allergens. Chickpea protein—alginate microcapsules were first created by
researchers using emulsion technology. These microcapsules were found to provide
protection for Bifidobacterium adolescentis in synthetic gastric juice. The size of
the beads produced using this design was <100 pm. These microcapsules have no
adverse effects on food ingredients for consumers. Research has shown that chick-
pea protein—alginate capsules are a suitable probiotic carrier and can be
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implemented in food applications. The combination of chickpea protein and algi-
nate provides protection for B. adolescentis against intestinal fluids and synthetic
gastric juice (Wang et al. 2014).

6.5 Efficiency Evaluation of Microencapsulated Probiotics

Probiotic efficiency in microencapsulation is estimated through a series of qualita-
tive parameters.

6.5.1 Probiotic Cell Viability

The effectiveness of microencapsulation in association with maintenance of the
viability of probiotics against adverse stress factors such as acidity can be easily
calculated by considering the cell loss kinetics inside the products and/or simulated
body conditions over time. Because of the metabolic activity of the starter culture,
fermented products such as yogurt will not be stable throughout the storage period,
and a linear relation is not followed, because of logarithmic loss of probiotic cells,
which differs from thermal bacteriology rules. For description of the D value in
thermal bacteriology (meaning that the microbial population reduces by one loga-
rithm in an equal period of time, under constant conditions of acidity or pH, for
example), the beads encounter the artificial and static conditions of the product
(lactic acid of a suitable pH) and/or the gastrointestinal tract (chloridric acid with
a pH of 1.5-2 for about 2 h, and then phosphate buffer with a neutral pH, bile salts,
and digestive enzymes from the pancreas) and the kinetics of the cell loss are
evaluated. A temperature of 37 °C should be maintained for all of the stages to be
judged. With the help of lactic acid and a temperature of 4 °C, fermented products
such as yogurt can be easily simulated. To reduce the duration of the experiment,
the lactic acid concentration can be increased by several times (e.g., to 20-25%)
(Mortazavian et al. 2007).

6.5.2 Cell Release Ability or Dissolution Ability

Capsules have the ability to release their entrapped cells at the target site, mainly in
the intestine. The intestine can also supply suitable conditions for survival and mul-
tiplication of probiotics, as well as activity and settlement of probiotics, achieved by
release of cells at the target site. The volume of cell release can be calculated by
subjecting microbeads to simulated gastrointestinal conditions. Before the encapsu-
lation process, released cells are counted for comparison with the initial cell count
(Mortazavian et al. 2007). With the help of an appropriate mesh, capsules that are
digested can be easily filtered by a method of membrane processing. The percentage
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of beads that are not digested can be represented by the weight ratio of the filtrate to
the retentate particles. By measuring the ratio of the mean bead diameter before the
digestive test to the diameter after the test, the digestibility of the beads can be easily
calculated. Bead digestibility can also be assessed by using a light-scattering or
scanning electron microscopy (SEM) technique. The digestibility of the beads with
exposure to pancreatic enzymes can be assessed with use of suitable enzymes and
an incubation temperature of 37 °C.

6.5.3 Microgeometric Properties of Beads

The microgeometric characteristics of the beads include their size/diameter, shape,
uniformity, and integrity. With the help of light-scattering technology or application
of a laser diffractometer, the size of the beads can be calculated. SEM or light
microscopy can also be used as an alternative method for direct observation. In
addition to this, methods such as membrane filtration or sieving of the encapsulated
mix are used (Mortazavian et al. 2007). Usually, the beads are uniformly of an ellip-
tical or spherical shape, and this is mainly observed by use of the aforementioned
microscopic techniques. The uniformity and integrity of the beads have a direct
impact on their efficiency. From this point of view, assessment of cracks, pores, and
voids on the surface of the beads is also necessary. When considering the microgeo-
metric properties of the beads, particles that are self-aggregated and do not carry
any cells should not be mistaken for real beads. This evidence can be observed in
small bare granules and starch particles.

6.5.4 Capsule Density

The compression of the capsules in the beads can be assessed by SEM. A light-
diffusing strategy has additionally been recommended, as thick materials have
greater light absorption. The surface thickness (mass/surface) of the capsules can be
evaluated by breaking/dissolving them, drying them, and finally weighing them,
dividing the outcome by the total surface of the beads (Mortazavian et al. 2007).
The surface of the beads can be surveyed to assess the average bead diameter and its
proportion to the surface.

6.6 Factors Affecting the Efficiency of Microencapsulated
Probiotic Microbes in Food

Diverse factors can be considered for evaluation of the adequacy of the probiotic
encapsulation process—for example, viability management after exposure to unfa-
vorable environmental conditions, cell release/recovery, the capacity, and the
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solidification period (the time required for capsule development). The factors that
influence the aforementioned parameters are discussed in the following sections.

6.6.1 Characteristics of Capsules Related to Different
Environmental Factors

An appropriate choice of capsule material with regard to its intended environment is
imperative. For example, spillage of calcium ions from alginate capsules causes them
to decompose. Alginate capsules are unsuitable for an environment with high acidity
and the presence of chelating agents, but in milk-based media (for example, yogurt,
cream, and liquid milk) the abundance of calcium ions may mean that calcium ion
leaching from gel bead structures is markedly inhibited; thus, the gel beads may main-
tain their structure. Use of resistant starch (RS) as the material for the capsules will
mean that they resist enzymatic digestion. Since delivery of probiotic cells to the small
intestine is the aim, the choice of the capsule material ought to be such that it does not
degrade until it is subjected to the pH of the small intestine or to pancreatic enzymes.
If the beads are resistant to intestinal digestion, this will bring about their immediate
discharge from the body without settling of the probiotic cells in the digestive tract.
If the beads must be settled in the large intestine, it is best for them to be tolerant of
pancreatic and small-intestinal conditions, but not large-intestinal conditions.
However, this generally is not achieved effectively because of limitations in the quali-
ties of synthetic encapsulation materials. When the beads open in the small intestine,
the cells they release will normally reach the large intestine. In some cases, pancreatic
shock following release of the cells in the small intestine may diminish their viability,
but we are not aware of any in-depth research on this topic. In general, every capsule
needs to be impervious to acidic gastric juices (Mortazavian et al. 2007). In some
cases, it is important to utilize particular kinds of hydrophobic components for encap-
sulation to make the beads tolerant of high-moisture conditions.

6.6.2 Capsule Coating

The best way to make the capsules effective is by coating them. Alginate capsules
can be coated with a shell coating, which helps them to resist the chelating actions
of calcium ions and improves their mechanical strength. The strength of the cap-
sules is increased with an increase in the concentration of the coating material.
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6.6.3 Capsule-Forming Solution Concentration and Bead
Diameter

The most important part of the encapsulation method is the concentration of the
solution and the resultant beads. The larger the diameter of the beads, the greater
protection they provide against hostile environmental influences. This has been
demonstrated in both body and product conditions. Alginate capsules with a diam-
eter of 0.5-1.0 mm have been shown to significantly improve the survival of bifido-
bacteria in yogurt with a normal pH in refrigerated storage, but not at a pH simulating
the conditions in the stomach. Expanding the bead diameter more than is suitable
(with respect to the kind of capsule and the product it contains) is not an option
because it results in an unattractive mouthfeel and flavor. Besides, an expansion in
the capsule size diminishes the ability of pancreatic enzymes to digest it. Any
increase in the bead diameter—particularly when it is made of RS—should only be
done with due consideration, since this component is difficult for pancreatic
enzymes to digest (De Aratjo Etchepare et al. 2016). Research regarding the con-
centrations of solutions used to make capsules showed that an increase in the algi-
nate solution concentration from 0.75% to 1.8% influenced the viability of
L. acidophilus in simulated gastric conditions, but when a 2% concentration was
used, creation of round and homogeneous capsules was not possible because the
solution was more viscous and had lower mass diffusivity. It was also shown that an
increase in the concentration of a solution of calcium alginate and high-amylose corn-
starch (HACS) (beyond 2% and even up to 4%) did not markedly affect the protective
properties of the beads when they were exposed to strong environmental influences
(Mortazavian et al. 2007). More research is required before a comprehensive con-
clusion can be drawn.

6.6.4 Environmental Conditions

The kind of adverse environmental factors that will be encountered, and their
severity, are probably the most critical parameters that may diminish the viability
of encapsulation. For example, capsules endure low-acid conditions (yogurt) sig-
nificantly more than high-acid conditions (gastric juice). Alginate containers with
a mean diameter of 100 pm are adequate for most kinds of fermented products but
not for gastric acid (Maleki et al. 2015). This warrants particular consideration
because the encapsulation needs to be suitable not only for the conditions required
by the product itself but also for the effects that passage through the gastrointesti-
nal tract will have on the capsules and the product they contain (Mortazavian et al.
2007). In view of the fact that alginate is used so frequently for encapsulation of
probiotics, precautionary measures are needed to overcome its vulnerability in
acidic conditions.
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6.6.5 Capsule Material Modification

A standard practice for enhancing the viability of encapsulation is to adjust the
chemistry of the capsule materials. By making small changes in the auxillary coor-
dinates, adjustments can be made in the capsules, and additives can be included,
such as glycerol for cryoprotection of the cells against cryogenic freezing. By use
of this technique, the viability of bifidobacteria and L. acidophilus have reportedly
been increased to 88.5% and 90%, respectively (Chavarri et al. 2010). A cryoprotec-
tant lessens ice crystallization by attachment to free water particles. The volume of
glycerol-containing beads has been shown to be 43% smaller than that of normal
beads during freezing, showing the cryoprotective impact of the glycerol. Slowly
digestible starch (SDS) and Tween 80 can be added, as they increase the cells’ resis-
tance to solidification during drying and change the diameter of the beads. The more
SDS and Tween 80 are added to the encapsulating solution, the smaller the resulting
beads will be. Likewise, it has been asserted that use of the aforementioned materi-
als gives alginate cases particular attributes, including the capacity for disintegra-
tion in the buffer media and greater resistance to lactic acid.

6.6.6 Initial Microbial Cell Concentration

The quantitative effectiveness of the encapsulation and the total number of entrapped
cells in each bead in the encapsulation will both increase with an increase in the
microbial cell concentration in the encapsulating solution. If the load of the cells
exceeds a prespecified limit, softening of the capsule structure may occur. Thus, the
process must adhere to specific conditions, and better examination during the pro-
cess helps to achieve the best resultant formation. Control of process parameters
such as the freezing process, drying, micronization, and storage will also reduce
damage to the capsules and maintain consistency in their size and shape (Brinques
and Ayub 2011).

6.7 Conclusion and Future Prospects

The innovation of smaller-scale encapsulation has evolved from straightforward
immobilization or capture to development of complex and precise containers on a
miniaturized scale. The advances in this field have been huge with regard to the
development of nutraceuticals, functional foods, and encapsulation of live probiotic
bacterial cells on a miniature scale. Probiotic treatment (or microbial intervention)
depends on the idea of robust gut microflora. Smaller-scale encapsulation processes
will target on delivering abundant amount of probiotic microbes to the consumers.
This technology will be utilized as an instrument to package both prebiotic fiber and
probiotic microscopic organisms inside similar capsules to improve these
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microorganisms’ viability and colonization of the gastrointestinal tract, and to reap
the health benefits of their use. In the future, different forms of delivery might be
created—for example, combining prebiotics, probiotics, and also nutraceuticals.
Along these lines, development of even more advanced dietary frameworks should
be researched. In the food preparation industry, conservation, increased capacity,
and small-scale formulation will progressively play greater roles to ensure the suit-
ability and improve the survival of microbes in unfavorable natural conditions
(Mishra et al. 2018). New food regulations may determine the strains and the quan-
tities of practical probiotic microscopic organisms with stricter expiry dates for real-
istic usability of foods or supplements that are guaranteed to be probiotic. Studies
(clinical information) should be conducted on the impacts of encapsulation on the
safety of probiotic microscopic organisms. Fermented dairy, grains, meat, soups,
and ready to eat food products can be considered as food vehicles to utilise micro-
encapsulation innovations for better delivery of probiotic microbes as well as nutri-
ents to consumer. In the food industry, containers, tablets, suspensions, creams, and
powders will be progressively utilized for miniaturized encapsulation and innova-
tions in coordinated utilization and external use of probiotics. They will progres-
sively be utilized to treat patients with health problems. Smaller-scale capsules
should be created with more precise hardware and containers, and better convey-
ance frameworks. Sooner, rather than later, nanocapsules may be used to create
designed probiotic bacterial combinations that can be conveyed to specific parts of
the gastrointestinal tract, where they can bind with particular receptors. These
designed nanoencapsulated probiotic bacterial combinations may act as antibodies,
with the ability to balance insusceptible reactions (Eratte et al. 2017). Enhanced
procedures should be introduced to track these smaller-scale or nanoencapsulated
probiotic bacterial cells to ensure their delivery, stability, controlled release, and
beneficial effects in the gastrointestinal framework. More in vivo studies ought to be
conducted in human subjects to establish the viability of small-scale or nanoencap-
sulated delivery of probiotic microbes and their controlled release in the gastrointes-
tinal system.
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7.1 Introduction: Drug Discovery and Drug Design

A typical drug discovery cycle (from lead identification through clinical trials) takes
around 14 years, with a cost of US$800 million, which makes it costly and tedious
(Lavecchia and Di Giovanni 2013). Because of progress in frontline advancement,
busy lifestyle, and less nutritious and unbalanced eating regimens nowadays, new
generation is going up against various critical restorative issues for the duration of
life. The pharmaceutical industries are fabricating high-volume and low-value/low-
volume and high-value manufactured drugs with a specific end goal to have positive
or safe reaction to the body. In any case, as of late, these medications are regarded
in a specific way for their indications or warnings, higher costs, nonspecificity, and
other real issues like antagonism. Drug hinderance or blocking is an important issue,
which may lead to death in a person. In this way, people are choosing traditional
methods with a particular ultimate objective to beat these issues. Throughout Indian
history, individuals have had confidence in Ayurveda, and at present Ayurveda is
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drawing world’s attention towards itself because it offers important restorative prop-
erties and fewer symptoms. India is a biodiverse nation, rich in restorative plants
(totaling some 45,000 species—almost 7% of the world’s flowering plants) (Ali and
Choudhary 2011). All parts of a plant contain bioactive compounds, which have
positive physiological activity in the human body. Numerous phytochemicals are
frequently gathered in the external layer of different plant tissues. These bioac-
tive compounds are otherwise called phytoconstituents/phytochemicals/second-
ary metabolites, which are not supplements but assume a huge part in the plant’s
protective components (Doughari 2012). They are considered to have increased
supplement value to be used more gainfully by the body. A celebrated expression—
“Prevention is better than cure”—is conceivable because of the vicinity of bioactive
compounds in plants. These give shade, enhance the smell of the plants, and have
advantageous effects in the body, such as elimination of free radicals (Zhang et al.
2015). Some beneficial roles of phytochemicals (which make them unique) are low
toxicity, greater affordability, easy availability, biological and therapeutic proper-
ties, and raw material enabling extraction of semisynthetic chemical compounds
for use in cosmetics, perfumes, etc. (Dillard and German 2000). The process of
computer-aided drug design is shown in Fig. 7.1.

availableHStructure of target proteinHunavailable

Structure based drug design Ligand based drug design
Information of target Information of the
protein structures structure of ligands
Ligand De novo Pharmacophore
[ docking ] [ design ] [QSAR J[ modelling
Pharmacophore Ligand based virtual
MD ;
modelling screening

l L

Propose new lead or optimize existing lead

L

Drug candidate

Fig. 7.1 Computer-aided drug design process (Hassan et al. 2016), showed the MD molecular
docking, OSAR quantitative structure—activity relationship
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7.1.1 Herbal Phytoconstituents of Drugs

According to the World Health Organization (WHO), herbal medicines are finished,
labeled, therapeutic products that contain bioactive ingredients, aerial or under-
ground parts of a plant or other plant material, or combinations of these (Hariharan and
Subburaju 2012). According to WHO reports, 80% of people in developing coun-
tries use natural medicines for their primary health care needs (Yadav et al. 2014).
Bioactive herbal compounds are used in the manufacturing of plant-based drugs,
which have unique properties with long-term effects and good compatibility in the
body. Alkaloids, flavonoids, phenols, tannins, terpenes, and sterols are the major
phytochemicals that can be used as herbal medicines if taken in appropriate amounts.
They are present in fruits and vegetables (Saxena et al. 2013). Some plant-based
drugs that have been introduced in the USA over time are vincristine, vinblastine,
reserpine, and deserpidine (Fabricant and Farnsworth 2001).

7.1.2 Activeness

The phytochemical and phytopharmacological sciences have officially estab-
lished the composition and biological activities of various medicinal plant products.
The vast majority of the naturally active constituents of concentrates—for exam-
ple, flavonoids, tannins, and terpenoids—are very water soluble yet exhibit low
assimilation, since they cannot cross lipid films, have high molecular weights,
and show poor retention, causing losses of bioavailability and viability. A few
investigations have demonstrated strong activity of natural medicines in vitro that is
not reproducible in vivo. Besides, some fundamental substances are only occasion-
ally utilized, in light of the fact that they are not compatible with other parts of the
formulation or have bothersome properties (Bonifacio et al. 2014)

7.1.3 Methods for Discovering New Herbal Medicines

There are a great many phytoconstituents in nature, but they generally take many
years to be identified and isolated as active compounds. Huge numbers of those that
have been discovered have failed the optimization process because of their absorp-
tion, distribution, metabolism, excretion, and toxicity (ADME/Tox) inadequacies.
Some may be dismissed because they fail other toxicity tests technological advances
in combinational science and high-throughput screening have enabled synthesis and
screening of huge libraries of compounds in a short time, reinvigorating the drug
discovery process (Lavecchia and Di Giovanni 2013). To overcome these problems,
researchers are working hard on various strategies for identification of promising
compounds, such as virtual screening, which was first described in a peer-reviewed
publication in 1997 (Hughes et al. 2011).
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Virtual screening is an exact, information-driven, compound database searching
methodology, which has become increasingly prominent and has undergone rapid
development in pharmaceutical research. It endeavors to discover novel compounds
and chemotypes that have the necessary therapeutic and biological activities to be
used as substitutes for existing ligands or, in some cases, may lead to the discovery
of new ligands, structures, and homology modeling. Virtual screening is a well-
ordered strategy with a course of successive channels that can limit and pick an
arrangement of lead-like hits with potential biological activity against proposed
drug targets (Lavecchia and Di Giovanni 2013).

One of the elementary and most generally utilized methods of virtual screening is
similarity searching, in which a known bioactive reference structure is sought against
a database to recognize the nearest neighbor particles, since these are the most likely
to display the bioactivity of interest (Holliday et al. 2011). Virtual screening can be
utilized to choose compounds for screening from in-house databases and to choose
which compounds to manufacture next (Kaserer et al. 2015).

Virtual screening can be divided into two general types: ligand-based virtual
screening (LBVS) and structure-based virtual screening (SBVS) (Lavecchia and Di
Giovanni 2013).

7.1.3.1 Ligand-Based Virtual Screening

Ligand-based virtual screening utilizes structure—activity information from an
arrangement of known actives with a specific end goal to choose competitor mixes
for experimental interpretation. LBVS techniques involve pharmacophore and
three-dimensional (3D) shape matching, quantitative structure—activity relation-
ships (QSARs), and likeness and substructure searches. A standout among the most
well known ligand-based drug design approaches is QSAR. The objective of QSAR
is to determine the connection between the basic/physicochemical properties of
active compounds and their biological activity. The use of virtual screening for hit
and lead identification involves a group of procedures based upon the data that have
already been collected regarding the targeted and/or existing ligand earlier in the
screening process. Machine learning is rapidly becoming popular in LBVS as novel
calculations are proposed to manufacture precise and strong QSARSs. Diverse tech-
niques are proposed, and every technique has its own points of interest and detri-
ments. Among these strategies, regression and classification methods—for example,
multiple linear regression (MLR), nearest neighbor, naive Bayesian classification,
support vector machines, neural networks, and decision trees—are effectively con-
nected. Discovery of novel lead compounds through computational use of experi-
mentally determined protein structures, obtained from screening of databases
through focused design exercises, is well established (Jain 2004).

Prescient models of ligand-target binding active sites can be valuable in the fol-
lowing circumstances:

1. Where numerous current ligands are known, but they share natural properties
that reduce their organic utility
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2. Where a few ligands have been found for a target (e.g., by high-throughput
screening), but they have not been widely examined, and expansion of the set is
an essential objective of a medical chemistry effort (Jain 2004)

The execution of this strategy relies upon different factors—for example, prepar-
ing the planned diversity, their capacity to manage imbalanced data sets (inactive
compounds typically outnumber active compounds), and parameter runs in cover-
ing active and inactive chemical space.

7.1.3.2 Structure-Based Virtual Screening

Structure-based virtual screening uses a 3D structure of the natural target (either
determined tentatively by x-ray crystallography or nuclear magnetic resonance
(NMR), or determined computationally through homology modeling) to dock the
candidate molecules and rank them on the basis of their predicted binding affinity or
complementarity to the binding site (Anderson 2003).The protein structure of inter-
est is accessible in different databases; for example, the Research Collaboratory for
Structural Bioinformatics (RCSB) Protein Data Bank (PDB) and a compound library
of small molecules (available commercially or by synthesis) is investigated by dock-
ing at the active site of the biochemical target, using computer algorithms and scor-
ing functions. Nowadays, various docking programs are commercially (or freely)
accessible, with various conformational sampling algorithms and an assortment of
scoring functions. Scoring of ligands is a pivotal advance in the achievement of
SBVS. In spite of the fact that prediction of the ligand binding site is generally con-
ceivable with the accessible strategies, scoring is still extremely difficult, and it is
consequently hard to distinguish the right binding site or to rank compounds.

The commonly utilized scoring functions can be divided into three general
classifications: force field based, knowledge based, and empirical. These capacities
have ended up being fruitful for some protein—ligand associations. The basic
adaptability of the objective is another essential thing to be considered as top prior-
ity because of the computational cost and multifaceted approach required to demon-
strate it well (Lionta et al. 2014)

The ongoing advances and applications in SBVS—from an issue-driven point of
view, with attention to docking-based virtual screening (DBVS)—are enhancing the
screening library before docking; considering target adaptability, metal particles,
water molecules, and other key ligand target interactions and environmental factors
involved in docking; and enhancing posture/compound determination after docking
(Cheng et al. 2012).

Preferably, the target site is a pocket or projection with an assortment of likely
hydrogen bond donors and acceptors, hydrophobic qualities, and molecular adher-
ence surfaces. Determining the structure of an objective protein by NMR, x-ray
crystallography, or homology modeling is a major step in SBVS (Reddy et al. 2007).
There are major differences between LBVS and SBVS. These differences are briefly
summarized in Table 7.1.
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Table 7.1 Major differences between ligand-based virtual screening and structure-based virtual

screening
Ligand-based virtual
Aspect screening Structure-based virtual screening References
Three- Unknown Known Lee et al.
dimensional (2011);
protein Hassan et al.
structure (2016)
Drug design Drug design can be Reliable information on the Lyne (2002);
information based on processes three-dimensional structure and Ferreira et al.
and starting using the known ligands | active sites of the target protein can | (2015)
point of a target protein as the | be obtained from x-ray
starting point crystallography, nuclear magnetic
resonance, or three-dimensional
structure databases, and incorporated
into a computer model; compounds
binding to the target can be designed
Frequently Molecular similarity Docking, molecular dynamics Lee et al.
used approaches, quantitative | simulation (2011);
techniques structure—activity Ekins et al.
relationships, (2007)
pharmacophore models
Screening Databases can be Molecule database screening can be | Lee et al.
screened to find done by various types of docking (2011); Xie
molecules with similar | software (2010);
fingerprints by using the
molecular fingerprints of
known ligands
Process Selection of the data set | An assortment of successive Lee et al.
involved and extraction of computational stages is involved, (2011);
structural/empirical including target and database Cheng et al.
descriptors, variable preparation, docking and (2012)
selection, model postdocking examination, and
construction, validation/ | prioritization of compounds for
evaluation biological testing
Software uNITY, MACCS-3D, Glide, FlexX, Gold, AutoDock Vina, | Hassan et al.
programs used | Catalyst, Phase, ROCS | AutoDock 4.0 (2016)
to perform
virtual
screening

7.1.3.3 Virtual Screening Methods: Quantitative Structure—Activity
Relationships

Virtual screening of combinatorial libraries has attracted scrutiny lately, as its meth-
ods integrate high-throughput screening and combinatorial chemistry. A QSAR-
based approach is an established chemoinformatic technique for predicting and
classifying biological activities of untested chemicals (Dudek et al. 2006). It is
based on the general principles of medicinal science that the biological activity of a
ligand or compound is identified with its molecular structure or properties, and that
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structurally similar molecules may have similar biological activities (Tong et al. 1998).
QSAR models can be utilized as a part of outlining new chemical entities (NCEs)
and are presently viewed as basic tools in pharmaceutical enterprises to recognize
promising hits and create good-quality leads in the initial phase of drug discovery
(Myint and Xie 2010).

QSARs depend on the presumption that the structure of a particle (i.e., its geomet-
ric, steric, and electronic properties) must contain the aspects that govern its physical,
chemical, and organic properties, and on the capacity to represent the chemical by at
least one numerical descriptor (Gramatica 2008). QSARs occur within a congeneric
arrangement of compounds, affinities of ligands for their binding sites, rate constants,
inhibition constants, and other biological activities either with certain structural
features (Free Wilson analysis) or with atomic, group, or molecular properties—for
example, lipophilicity, polarizability, electronic properties, and steric properties
(Hansch analysis) (Kubinyi 1997; Mannhold et al. 2008). Together, structure—activ-
ity relationships and QSARs are referred to as (Q)SARs and fall within a scope of
strategies known as in silico approaches. A (Q)SAR includes three sections: the
(activity) information to be demonstrated and subsequently anticipated, information
with which to show it, and a technique to figure out the model. The reasons for in
silico studies are as follows (Sethi 2012):

1. To predict biological action and physicochemical properties by rational means
2. To understand and justify the mechanism of action in a series of chemicals

QSAR equations have been utilized to depict a huge number of biological activities
in various series of drugs and drug ligands. Predominantly, information on enzyme
inhibition is connected with the physicochemical properties of the ligands. QSAR
studies can reduce the likelihood of costly failures of drug ligand research in pre-
liminary clinical studies by separating the combinatorial libraries (i.e. seperating the
collection of chemical compounds, small molecules or macromolecules like pro-
teins which are synthesized by combinational chemistry) (Mannhold et al. 2008).

Most molecular discoveries today are the result of an iterative, three-stage pro-
cess of outline, synthesis, and investigation (testing). A typical investigational pro-
cess is the development of a type of model that describes the observed activity or
properties to be identified with the molecular structure. Such models are typically
referred to as QSARs. A QSAR includes a methodical procedure with various
stages, including data set planning, molecular descriptor selection and generation,
numerical or statistical model derivation, preparation and approval of a demonstration
utilizing a preparation data set, and testing on a testing data set (Anderson 2003).

The general numerical formula for a QSAR is represented by the following
equation

The data driving the drug design effort are progressively quantitative, expanding
on new advancements in molecular structure depiction, combinatorial arithmetic,
statistics, and computer simulations. Collectively these areas have led to a new
QSAR paradigm in drug design (Kubinyi 1997).

The molecular descriptors utilized as a part of QSAR can be characterized as a
numerical portrayal of chemical data encoded in a molecular structure through the
scientific method. This scientific portrayal must be invariant to the size of the
molecule anBiological Activity = f (Physicochemical Property).
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The data substance of structural descriptors relies upon two central aspects: (1)
the molecular representation of the compound, and (2) the algorithm utilized for
calculation of the descriptor.

The three noteworthy kinds of parameters first proposed are (1) hydrophobic,
(2) electronic, and (3) steric (Hansch et al. 2001; Mekenyan and Veith 1994; Simon
et al. 1984)

QSARs endeavor to relate physical and chemical properties of particles to their
biological activities by basically utilizing easily measurable descriptors and basic
statistical techniques, such as MLR, to construct a model that both depicts the activ-
ity of the data index and can anticipate activities for additional sets of untested
compounds (Novotarskyi 2013). The impact of physicochemical properties on
absorption (retention), distribution (dispersion), metabolism (digestion), and excre-
tion (discharge) (ADME) is generally assessed by use of QSAR procedures (Malik
et al. 2013).There are two fundamental targets for improvement of QSARs:

1. Development of predictive and robust QSARs, with a predetermined man made
area, for prediction of the activity of untested molecules.

2. Creation of an informative tool by separating many examples of descriptors
identified with the relevant biological activity, allowing comprehension of the
components of the given biological activity. This may be helpful for identifying
novel molecules with enhanced activity profiles (Nantasenamat et al. 2009).

7.1.3.4 Applications of Quantitative Structure—Activity Relationships

QSARs provide significant contributions to our understanding of the following aspects:

Biological activity and physicochemical parameters

Mechanisms of activity

Recognition of drug-like versus non-drug-like particles

Drug resistance

Likelihood of toxicity

Prediction of physicochemical properties (e.g., water solubility, lipophilicity)
Prediction of ADME properties (e.g., gastrointestinal retention, blood—brain barrier
permeation, drug metabolism)

8. The actions of peptides

Nk L=

7.1.4 Molecular Docking

In structure-based drug design, molecular docking is a critical system, which can
give an evaluation of the binding mode and, in a few applications, the binding affin-
ity of a ligand with its receptor complex. In early docking strategies, only transla-
tional and orientational degrees of freedom of the ligand and the receptor are
considered. With a rapid increase in the number of known protein crystal structures,
the enthusiasm for molecular docking has increased, and many advances have been
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made in recent years (Baxter et al. 2000). Molecular docking can be achieved
through two interrelated advances:

1. Testing of adaptations of the ligand at the active site of the protein
2. Ranking of these conformations by means of a scoring function (Meng et al. 2011).

The data procured against the docking framework can be used to determine the
energies by active site stability, Gibb’s free energy and binding energy (the energy
required during the ligand-drug stabilization).

Molecular docking is helpful to clarify biomolecular interactions for rational drug
design (RDD) and discovery, together with mechanical examination by setting a mol-
ecule (ligand) into the correct binding site in the target region of the DNA/protein
(receptor), usually in a noncovalent form, to outline a complex of potential practicality
and more prominent specificity (Dar and Khan 2016). The principal goal of molecular
docking is to accomplish a ligand—receptor complex with an enhanced conformation
and the least free binding energy. Appropriate use of molecular docking requires an
information bank for pursuit of the main target with an appropriate PDB format and a
system to plan the ligand as a PDB document (Dar and Khan 2016).

In the molecular docking strategy for investigating interactions between a ligand
and a protein, the ligand is cocrystallized with the protein, and then acquisition of
an x-ray structure of the complex is attempted. Despite the fact that both synthesis
and crystallography can sometimes be very erratic and tedious, the technique may
be feasible for small accumulations of ligands. In the event that production and
crystallization attempts fail, numerous potential ligands for the protein will likely be
screened. Computational molecular docking is the primary strategy chosen, and it is
now well known in both the research world and industry.

In assessment of the strategy for binding a ligand protein, or demonstrating parts
of the ligand, practical or beneficial theory is essential when its structure is not effec-
tively determined by crystallography. More than 60 docking programs have been
created, of which about 10 are widely utilized. The principal key element of molecu-
lar docking is a 3D structure of the protein as information. Various programs produce
3D structures of ligands and ascertain their binding parameters with the protein by
figuring out the binding affinity (scoring) between the two (Andersson et al. 2010).

There are different databases available that provide data on small ligand parti-
cles—for example, the Cambridge Structural Database (CSD), Available Chemical
Directory (ACD), MDL [Molecular Design Limited] Drug Data Report (MDDR),
and National Cancer Institute (NCI) Database. At the time of performing docking,
different interacting conformers are created and correlated with each other. In the
dismissal condition, new conformers are obtained and again the search protocol
proceeds until it reaches its end point after establishment of one conformation. As
indicated by docking and experimental binding, affinity and free binding energy
appear to be more problematic than the binding orientation. To overcome this issue,
distinctive scoring functions are utilized—for example, a consensus scoring tool
with a number of score capacities for the same docking posture with a specific end
goal to eliminate the false positives. A huge number of attempts have been made in
the advancement of successful docking conventions, and noteworthy advances have
been made in computational forecasting of docking modes (Dar and Khan 2016).
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In the present docking programs, a ligand is regarded as an adaptable structure,
yet the protein conformation is generally considered rigid, and water particles are
not recognized in any way. The inclusion of basic water has been carefully considered,
and recent investigations have demonstrated that the precision of docking is enhanc-
ing by this. The precision of docking program bundles is regularly assessed by sup-
posed redocking tests. Redocking results are computed and assessed using the root
mean square deviations (RMSDs) of the local ligand adaptation (as seen in the x-ray
structure) and the ligand conformation proposed by the docking programming
(docking posture) (Andersson et al. 2010). The most essential part of molecular
docking is in the drug disclosure/exposure by the target, and lead enhancement.
Depending on the nature and type of the disease of interest, the targets can be either
protein or DNA, while drugs are generally organic small molecules.

7.1.4.1 Types of Docking

There are different sorts of molecular docking systems, including:

1. Flexible or rigid ligands/targets, depending on the goal of the docking simula-
tions, such as adaptable ligand docking (where the target is a rigid molecule)

2. Rigid body docking, with both the target and the ligand as rigid molecules

3. Flexible docking, with both associated particles being adaptable (Dar and
Khan 2016)

Table 7.2 Commonly used docking programs for virtual screening

Docking method | Principles Scoring functions Speed | References
DOCK Incremental Force field, chemical |Fast |Mengetal. (2011);
construction method | complementarity Ferreira et al. (2015)
score, contact score
FlexX Incremental Empirical score Fast | Meng et al. (2011);
construction method Ferreira et al. (2015)
eHiTS Systematic search Empirical score Fast | Zsoldos et al. (2007);
Ferreira et al. (2015)
FRED Exhaustive search Gaussian score Fast | McGann (2011)
ICM-Dock Stochastic global Empirical score, force | Fast | Meng et al. (2011);
optimization field based Ferreira et al. (2015)
Affinity Monte Carlo Force field Slow | Meng et al. (2011);
Ferreira et al. (2015)
Glide Systematic search Empirical score Fast | Ferreira et al. (2015)
AutoDock Monte Carlo, genetic | Empirical score, force | Slow | Meng et al. (2011);
algorithms field based Ferreira et al. (2015)
Gold Genetic algorithms | Empirical score Fast | Meng et al. (2011);
Ferreira et al. (2015)
QXP Monte Carlo Force field Slow | Meng et al. (2011);
Ferreira et al. (2015)
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Various docking methods have recently been in use for virtual screening all over the
world. These methods work on particular algorithms (scoring functions), which dis-
tinguish them from each other. Because of their characteristics (such as accuracy
and speed), these are powerful tools for screening of various lead molecules/bioac-
tive molecules. Some of the common methods, along with their various properties,
are listed in Table 7.2.

7.2 Drug Delivery

Drug delivery is a technique for administrating a medication/pharmaceutical
compound/drug to accomplish a remedial action in a living being. For a medication to
have the capacity to achieve its planned clinical impact, it must first have the capacity
to reach its target site of activity in the body, at an effective concentration. In the event
that the medication is be applied to an outer surface (e.g., skin, ears, or eyes), it may
be applied directly to the relevant surface. However, if the medication is intended to
create an impact inside the body—regardless of whether it is intended to be systemic
(e.g., basic antimicrobials) or aimed at particular tissues (e.g., thyroid medication)—
the medication must be formulated such that it can reach the circulation and be trans-
ported to the intended site(s) of its action. Medications can be delivered in various
different ways. These can be mainly divided into enteral routes (e.g., sublingual, oral,
and rectal); parenteral routes (e.g., subcutaneous, intramuscular, and intravenous);
inhalations; and topical, transdermal, and intranasal applications. Certain unusual
routes may be utilized to yield more effective results, such as intra-arterial chemo-
therapy administration for malignancies and intrathecal administration for focal
sensory system contamination or for spinal anesthesia. These routes are signifi-
cantly more perilous and clearly require more skill and care for administration of
medication. There is an emerging demand for controlled release of drugs to enhance
their efficacy. In this regard, the main focus of nanotechnology is on targeted and
controlled-release systems for drug delivery, as summarized in Table 7.3.

7.2.1 Nanobased Drug Delivery Systems

The ideal drug delivery system will ensure that the conjugated or bound drug—carrier
complex reaches and acts specifically at the chosen target. The focus of the drug—
nanocarrier complex can be active, meaning that it targets a ligand specific to the
receptor or an epitope of the target tissue. Key properties of any nanomaterial uti-
lized as a part of drug delivery are its biocompatibility and biodegradability, with an
aim that the emptied transporter degrades or is transformed into nontoxic substances
and eliminated from the body. The objectives of a nanoscale tranquilizer delivery
system are as follows:
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Table 7.3 Targeted delivery and controlled-release drug delivery system definitions, according to

experts in drug delivery

Definitions

Targeted drug delivery Controlled drug delivery References
A targeted drug delivery system is intended | Controlled delivery of medications | Tiwari et al.
to specifically transport medications to improved the drug delivery (2012)
target tissues, organs, and cells through use | approaches

of an assortment of drug transporters

It is generally intended to enhance the Controlled delivery controls the Tiwari et al.
pharmacological and remedial properties of | site and the rate of medication (2012)
traditional medications and to overcome release

problems such as limited solubility, drug

aggregation, poor biodispersion, and absence

of selectivity, controlling the drug delivery

carrier and lessening associated tissue injury

It can be intended to limit drug Conventional dosing regimens Tiwari
degradation, increment bioavailability, cause fluctuations in plasma drug | (2016); Allen
permit targeting of particular cells, and concentrations; these changes and Cullis
diminish the total amount of medication depend upon what happens to the | (2004)

required; it can also control the delivery of
medication to minimize lethality and
unsafe reactions

medication inside the body, such as
its retention, dispersion, digestion,
and discharge; controlled release
eliminates such fluctuations in
plasma drug concentrations

Targeted medications initially are mostly A controlled drug delivery system | Zhan et al.
utilized as a part of disease treatment; enhances patient compliance, (2017);
optimization of the adequacy of a particularly in long-term treatment | Tiwari (2016)
medication is of prime significance in the | for persistent infections

choice of a delivery system

Targeted drug delivery is a strategy for These systems have advantages Manish and
administering medicine to a patient in a over conventional drug delivery Vimukta

way that restricts the concentration of the | systems, including limiting the (2011);
medication to particular tissues time of medication release, Zadbuke

safeguarding fragile medications,
and increasing patient comfort and
compliance

ctal. (2013)

This improves the efficacy of the This reduces drug doses and Tiwari (2016)

medication while reducing its side effects | dosing frequencies

Drug targeting is the delivery of drugs to Controlled drug delivery occurs Manish and

receptors or organs or any other specific when a polymer is combined with | Vimukta

part of the body to which one wishes to a drug or active agent such that the | (2011);

deliver the drug exclusively release from the bulk material is Anupama
predesigned et al. (2016)

Targeted delivery of the drugs enhance the | Doses and dosing frequencies can | Farokhzad

efficacy of the drug to the target site be reduced, and the required and Langer

and prevents adverse effects, and increases | plasma drug concentrations can be | (2009);

the bioavailability of the medication. maintained, eliminating the risk of | Tiwari (2016)

treatment failure and enhancing the
proficiency of treatment

(continued)
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Table 7.3 (continued)
Definitions
Targeted drug delivery Controlled drug delivery References
The focus of a drug delivery system can be | Controlled discharge can be Farokhzad
either passive or active; a case of passive maintained or pulsatile; maintained | and Langer

focusing is the aggregation of
chemotherapeutic agents in tumors because
of differences in the vascularization of the
tumor tissue versus healthy tissue; active
focusing includes delivery of the drug on
the surface of a drug transporter, enabling
the drug to attach specifically to diseased

(or persistent) delivery of a
medication involves polymers that
release the medication at a
controlled rate by dissemination
from the polymer or by
degradation of the polymer over
time; pulsatile release is frequently

(2009)

cells

favored, as it purposely mirrors the
path by which the body normally
creates hormones (e.g., insulin); it
is accomplished by utilizing
drug-releasing polymers that react
to particular stimuli (e.g., exposure
to light, changes in pH or
temperature)

(i)
(i)
(iii)

(iv)
)

(vi)

(vii)

Targeting, to ensure that drug concentrations are highest at the intended site
of action, with lower drug concentrations and fewer adverse effects in healthy
tissues

Improved solubility, to optimize parenteral drug efficacy

Controlled release of drug to the target site enhace the efficacy of drug with
prolonged curative activity

Sustained release of drug also extended the half life of the drug

Drug movement through the blood-brain barrier and blood—cochlear barrier
(Malam et al. 2009)

A delivery system that enhances patient compliance, particularly with long-
term medication

An appropriate delivery system for drugs that have a short organic half-life

7.2.2 Nanoparticles and Their Roles in Drug Delivery

Nanoparticles are very small materials with a size range from 1 to 100 nm. Their
classification depends upon their properties, shapes, or sizes. They are mainly cate-
gorized into four groups: fullerenes, metal nanoparticles, ceramic nanoparticles, and
polymeric nanoparticles. Nanoparticles are composed of three different layers: (1) a
surface layer modified by various small molecules, metal ions, surfactants, and poly-

mers;

(2) a shell layer, chemically different from the core material; (3) the core of the

nanoparticle (Khan et al. 2017). Nanoparticles possess remarkable physical and
chemical properties, which differ from those of their bulk-sized forms, as their small
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size, large surface area, and consequently large surface-to-volume ratio improve their
contact with their surroundings (Khan et al. 2011; Tiwari et al. 2012).

Nanoparticles are polymeric particles made of chemical polymers or biopolymers
ranging in size from about 10 to 1000 nm (1 mm). Drug can be encapsulated or cross
linked or linked via covelant bond with polymers for sustained delivery of drug with
the help of polymers. Nanoparticles and nanoformulations have already been applied
as drug delivery systems with notable results and still have even greater potential for
various applications, including antitumor treatment; gene therapy; acquired immune
deficiency syndrome (AIDS) therapy; radiotherapy; delivery of proteins, anti-infection
agents, virostatics, and vaccines; and vesicles to pass through the blood—brain barrier
(Tiwari et al. 2012; Prasad et al. 2017). Herbal products have many unique properties
with fewer side effects; hence, herbal nanoparticles are frequently used in drug deliv-
ery. Table 7.4 summarizes the applications of herbal nanoparticles in drug delivery.

Synthesis of nanoparticles with properties such as high monodispersity and bio-
compatibility is needed for a wide range of applications, from environmental to
biomedical applications (Harshiny et al. 2015). Nanoparticles are the nanosized
components most frequently used in nanotechnology (with a size range of 1-100 nm)
and in various applications such as pharmaceuticals, electronics, cosmetics, and
photonics (Prasad et al. 2016; Pandey et al. 2017).

Prominent classes of nanoparticles are carbon-based nanoparticles, ceramic
nanoparticles, polymeric nanoparticles, lipid-based nanoparticles, and metal-based
nanoparticles (Khan et al. 2017). For synthesis of nanoparticles, noble metals such as
gold (Au), silver (Ag), palladium (Pd), zinc (Zn), copper (Cu), and iron (Fe) are used
because of their unique d—d transition characteristics and high localized surface plas-
mon resonance (LSPR) phenomena (Khan et al. 2017, Mohan et al. 2014; Dreaden
et al. 2012). Gold, platinum, silver, and palladium nanoparticles 20 nm in size have
characteristic colors of wine red, yellow, grey-black and dark black, respectively (Khan
et al. 2017). Copper nanoparticles have special properties, which have made them
important for various applications such as antimicrobials, catalysts, biosensors,
nanoscale drugs, drug delivery, and targeted drug delivery systems (Cerda et al. 2017,
Rajesh et al. 2018). Gold, silver, copper, etc., can be excellent metals for use in various
biomedical applications, such as cellular imaging, photothermal therapy, and biocides
(Singh et al. 2016). Nanoparticles can be synthesized to include various types of chemi-
cal reducing agents, plant extracts, or enzymes (Cerda et al. 2017; Prasad 2014). These
are effective agents with low toxicity, which is especially important in the biomedical
field (Rajesh et al. 2018). For synthesis of nanoparticles, a number of reducing agents
are used, such as ascorbic acid, lithium aluminum hydride, and sodium borohydride
(Cerdaetal. 2017; Wu and Chen 2004; Tang et al. 2010). Reducing agents reduce metal
ions, followed by agglomeration into clusters. These clusters eventually form metallic
colloidal particles (Hussein 2016). Some nanoparticles have excellent physical and
chemical properties but do not possess suitable surface properties for specific applica-
tions. Apart from the cost effectiveness of copper nanoparticles, the stability of these
nanoparticles is matter of concern; therefore, it may be necessary to modify the surface
of the metals (Ruckenstein and Li 2005). A common method used for surface modifica-
tion of these nanoparticles is addition of suitable organic groups to the positively
charged surface atoms of the metal (Kickelbick and Schubert 2003).
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Table 7.4 Applications of herbal nanoparticles in drug delivery
Application | Purposes Materials References
Cancer Target design, increased Natural products: f-carotene, Tiwari et al.
therapy solubility and bioavailability, | curcumin, epigallocatechin (2012);
reduced toxicity, greater gallate, genistein, resveratrol, Gomes et al.
physiological compatibility, | gingerol, capsaicin, paclitaxel, (2014)
cost effectiveness camptothecin
Intracellular | Overall drug avidity, easier | DL-lactide-co-glycolide, Sneh-Edri
targeting internalization into SIINFEKL, propiolic acid etal. (2011);
mammalian cells, no major | N-conjugated targeting, lipids, Nikalje
cytotoxicity, specific polymers, silicon, magnetic (2015);
alterations of cellular materials Calderon-
signaling and gene Colon et al.
expression (2015)
Vaccine Delivery nanodevices are Gold nanoshells; nanoparticles Gregory et al.
adjuvants faster and more sensitive with | silicon-based nanoparticles; (2013)
better and safe way; such polyethylene glycol, polyester
as antigen entrapping for biobeads, natural polymers based
delivery to specific cells and | on polysaccharides such as
sustained silver release alginate, inulin, or chitosan;
according to their virus-like particles; liposomes;
biodegradation rate; gold immune-stimulating complexes;
nanoparticle adjuvant polymeric nanoparticles;
recognition, absorption of nondegradable nanoparticles
specific biomolecules,
improvement of interaction
with cells, and enhancement
of cellular uptake
DNA Low toxicity, little Liposomes, dendrimers, gold Abu-Salah
delivery immunogenicity, and high nanoparticles et al. (2010)
adaptability; efficient,
biocompatible, and modular
Ocular Improved efficiency with Liposomes, niosomes, Agarwal et al.
delivery minimal damage to nanomicelles, polymeric (2018)

surrounding tissues,
improved safety profile,
better spreadability on the
ocular surface, enhanced
bioavailability due to reduced
drug binding to pigments,
sustained drug release

nanoparticles, solid lipid
nanoparticles, dendrimers,
conjugates, calcium phosphate
nanoparticles

In this context, surface modification can stabilize nanoparticle agglomeration,
and it also modifies nanoparticles to make them compatible with another phase.
For example, metal particles can be made water soluble when suitable groups are
attached. A third reason for modifying nanoparticles is to enable their self-organization
(Neouze and Schubert 2008; Kickelbick and Schubert 2003; Doty et al. 2005).
Metal nanoparticles can be synthesized by various methods such as metal vapor
synthesis, photolytic reduction, radiolytic reduction, the sonochemical method, sol-
vent extraction reduction, the microemulsion technique, the polyol process, and
alcohol reduction (Cerda et al. 2017). Physical and chemical methods are most
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widely used for synthesis of different nanoparticles. However, the physical methods
are very expensive, while the chemical methods are detrimental to the environment,
as well as to living organisms (Shamaila et al. 2016). Moreover, these methods
require expensive instruments, high energy, release of harmful chemicals, cell cul-
ture, and wasteful purification. The chemical reduction method has some advan-
tages; for example, it is simple and inexpensive, and it is easy to control the size and
shape of the nanoparticles. However, it has some disadvantages that can harm the
environment, such as the need for disposal of noxious solvents and dangerous
chemical reducing agents (Cerda et al. 2017).

Various nanosystems used in drug delivery, with their unique characteristics and
their applications, are listed in Table 7.5.

7.3 Herbonanoceuticals

The strategy of applying nanotechnology to plant extracts has been widely cited in the
literature, because nanostructured systems may potentiate the actions of plant extracts,
promote sustained release of active constituents, reduce the required dose, decrease
side effects, and improve activity (Bonifacio et al. 2014).Therefore, green nanosyn-
thesis of nanoparticles has been considered rapid, nontoxic, cost effective, and envi-
ronmental friendly in comparison with other chemical techniques (Harshiny et al.
2015). In green nanosynthesis of metal nanopatrticles, use of (1) nontoxic chemicals
used as reducing agents, (2) environmentally friendly solvents, and (3) renewable
materials as stabilizing or passivating agents is very important to consider (Mohan
et al. 2014; Prasad et al. 2018). Synthesis of nanoparticles using plant and plant-based
biopolymers can be considered green chemistry. Plant extracts are used for metal ion
reduction to form nanoparticles. Plant metabolites—such as sugars, starches, proteins,
polyphenols, alkaloids, terpenoids, phenolic acids, gums, and p-cyclodextrin—play
important roles in metal ion reduction into nanoparticles and their stability (Parveen
and Rao 2015). In recent decades, some well known examples of carbohydrate poly-
mers, such as chitosan, have been employed for synthesis of metal nanoparticles
because of their interactions with metal ions and metal nanoparticles. With the
increasing demand for adoption of sustainable and eco-friendly protocols, the use of
biodegradable and nonbiodegradable precursors to prepare nanomaterials has been
extensively explored. For instance, within the polysaccharide group, cyclodextrins
have been applied as stabilizing agents to produce copper nanoparticles (Manivannan
and Ramaraj 2012). p-Cyclodextrin is a nonreducing cyclic oligosaccharide with
seven units of a-D-glucose. The glucose rings are connected through a-(1-4) link-
age with a hydrophilic outer surface and a hydrophobic interior cavity (Navgire
et al. 2016). B-Cyclodextrin can form inclusion complexes with various organic
compounds (Gogoi and Sarma Chandra 2017) and act as stabilizing agent because
particles synthesized with it have the smallest size distribution. This is due to the stiff
structure and low water solubility of B-cyclodextrin, causing complex precipitation
easily and thereby regulating the growth of the nanoparticles (Cerda et al. 2017).
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The drawbacks of nanoparticle application in biological reactions are their poor
stability and water solubility. Indeed, to prevent particle aggregation, a capping
agent or stabilizing agents are used (Petralia et al. 2012). In one study, synthesis of
copper nanoparticles, using p-cyclodextrin as a stabilizing agent and L-ascorbic
acid as reducing agent, was done. The morphology of the synthesized Cu nanopar-
ticles was characterized by advanced techniques such as transmission electron
microscopy (TEM), powder X-ray diffraction (XRD), NanoDrop analysis, Fourier
transform infrared spectroscopy (FTIR), dynamic light scattering (DLS), and ultra-
violet—visible spectra. The antimicrobial and antibacterial properties of copper
nanoparticles are checked by the use of different strains (Yadav et al. 2017).

Nanoforms of seven metals are generally utilized in Ayurveda: gold (Au), silver
(Ag), copper (Cu), iron (Fe), lead (Pb), tin (Sn), and zinc (Zn). Applications of this
old system are being rediscovered and could be of immense potential in yielding
innovative metal-herb formulations that could hold promise for use in biomedicine
(Galib et al. 2011). For developing such preparations, the biocompatibility and ther-
apeutic activity of phytoconstituents present in plants play a determining role in the
choice of various herbs. Such herbomineral preparations could have better curative
potential because of their physiological compatibility, minimal toxicity, natural ori-
gin, easy accessibility, and lower costs. The promising applications of such
nanomaterial-based herbal preparations in the field of biomedicine have led to the
innovative concept of herbonanoceuticals (Gomes et al. 2014). Many studies have
shown that during the processing of Ayurvedic metal-based formulations, the size of
the metal particles goes down to the nanometric range (Pavani et al. 2013). Gold is
used as swarna bhasma (gold ash) in different conventional Indian Ayurvedic prep-
arations and has been characterized as having a particle size of 56-57 nm and a
spherical shape. Mercury-based Ayurvedic preparations include crystalline mercu-
ric sulfide in a 25- to 50-nm size range (Pal et al. 2014). Pavani et al. (2013) reported
a modified method of bhasmikaran (a method for preparing bhasma) for prepara-
tion of iron oxide nanoparticles, which was based on green synthesis. XRD and
TEM analyses have demonstrated that during use of the Ayurvedic bhasmikaran
method, metal nanoparticles are formed. The metal nanoparticles, along with vari-
ous phytoconstituents, can lead to better absorption and even tissue-specific target-
ing of therapeutic ingredients in the body. Because of their small size, these
preparations are said to be more effective, as naturally synthesized metal nanopar-
ticles do not cause toxicity in the body (Paul and Chugh 2011).

Green synthesis of metal nanoparticles could be carried out by utilizing many
natural compounds, viz., vitamins, carbohydrates (sugars), phytochemicals present
in plant extracts, microbes, biodegradable polymers, etc. Plant extracts are used for
commercial preparation of metal nanoparticles because of the presence of phytocon-
stituents, which are potent reducing agents (Iravani 2011). Polyphenols are the main
phytoconstituents in plant extracts that possess the ability to act as reducing agents,
mainly because of their hydroxyl side chains. These can act as capping and stabiliz-
ing agents for metal nanoparticle formation. Gold nanoparticles are among the most
widely utilized metal nanoparticles in the biomedical field because of their biocom-
patibility (Bhattacharya and Mukherjee 2008). Geetha et al. (2013) reported a rapid,
economical, and single-step method for formation of gold nanoparticles, utilizing a
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flower extract from Couroupita guianensis. Green synthesis of gold nanoparticles
was reported using glucoxylans of Mimosa pudica seeds to which no extra chemical
stabilizing agent was added (Iram et al. 2014). Rao et al. (2016) discussed different
medicinal plants and their active compounds, as well as green-synthesized metallic
nanoparticles from medicinal plants, in relation to their anticancer activities. Metal
nanoparticles formed using plant extracts showed enhanced tumor specificity, prom-
ising activity, and reduced toxic effects on healthy cells. The cytotoxic effects of
nanoparticles are predominantly due to their large surface area, which enables effi-
cient drug delivery, and some nanoparticles exhibit anticancer activity. However, fur-
ther in vivo studies should be conducted to confirm the actual efficacy of herbal
nanoparticle-based drugs (Rao et al. 2016).

Metal nanoparticles—including quantum dots, metal oxide nanoparticles, and
pure metal nanoparticles—are considered useful in various biomedical applications
(Bonifacio et al. 2014; Sharma and Singh 2014; Ambwani et al. 2015). Many
researchers have put forward various methods for green synthesis of metal nanopar-
ticles, employing microorganisms and plant extracts, that have been found to be
eco-friendly, economical, and nontoxic (Makarov et al. 2014; Prasad et al. 2018).
However, there are certain problems with metal nanoparticles, which need to be
addressed prior to their commercial usage. The metal nanoparticles used for various
purposes are reported to have diverse characteristics and diverse derivations, and are
being utilized in various systems. However, their potential side effects in patients
and the environment are yet to be thoroughly explored (Krug and Wick 2011).
Contradictory biosafety considerations pertaining to metal nanoparticles have been
reported in different studies (Tsoi et al. 2012; Edmundson et al. 2014; Ambwani
et al. 2015).

Nanoherbal formulations can be employed for site-specific targeting of herbal
medicines to enhance their selectivity, solubility, delivery, safety, and effectiveness.
Nanosized drugs have an increased surface area, thereby allowing faster distribution
in the blood and reduced toxicity while maintaining their therapeutic effects.
The enhanced permeation and retention of nanoparticles can also help drugs to
cross the blood-brain barrier (Kumar et al. 2015; Ganesan et al. 2017).

There are various therapeutic purposes of nanoparticles, which have been studied
by various researchers throughout the world. Some of the applications of both
herbal and synthetic nanoparticles are summarized in Table 7.6.

7.4 Conclusion

Since nanotechnology was first introduced and implemented in medical applications,
nanomedicine has created expectations in medicinal and health applications to provide
superior treatment with greater viability and specificity for certain diseases and condi-
tions, including growth. Over the years, studies have provided details regarding the
capability of nanocarriers, utilizing diverse plans to deliver anticancer therapeutic agents
that are created artificially or originate from natural sources. This chapter has focused on
the collaboration of nanotechnology in progressing the bioavailability of promising
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Table 7.6 Applications of various nanoparticles (herbal and synthetic) for diverse therapeutic

purposes
Therapeutic

Nanoparticles used Characteristics purpose References
Gold nanoshells, which Faster and more sensitive delivery Vaccine Gregory
stimulate the appropriate nanodevices; better, more secure adjuvant etal. (2013)
pro- or anti-immunity and biocompatible; entrapping of

pathways; silica-based antigens for delivery to specific cells

nanoparticles, polyethylene | and controlled silver release as

glycol or polyester biobeads; | indicated by the biodegradation rate;

natural polymers based on | gold nanoparticles as adjuvant,

polysaccharides such as assimilation of particular

alginate, inulin or chitosan biomolecules, improved interaction

with cells and cell take-up

Herbal nanoparticles Target definition, increased solubility | Cancer Tiwari et al.
containing natural and bioavailability, toxicity therapy (2012);
compounds such as abatement, wider physiological Gomes et al.
f-carotene, curcumin, adaptability, cost effectiveness (2014)
epigallocatechin gallate;

gold nanoparticles;

nanocapsules; fluorescent

nanoparticles; iron oxide

nanoparticles

Liposomes, dendrimers, Low toxicity, little immunogenicity, | DNA Abu-Salah
gold nanoparticles competent, highly bioadaptable delivery et al. (2010)
Liposomes, niosomes, Enhanced effectiveness with Ocular Agarwal
nanomicelles, polymeric negligible harm to surrounding delivery et al. (2018);
nanoparticles, solid lipid tissues, enhanced safety profile, better Brigger
nanoparticles, dendrimers, | spreadability on the ocular surface, etal. (2012)
conjugates, calcium improved bioavailability because of

phosphate nanoparticles lessened medication binding to

pigments, managed drug release

phytochemicals, which may encounter delivery issues in their free-drug form. It has
also shown that different natural products may yield compounds that are ideal for use
in different nanoformulation systems. In any case, progress in nanomedicine—regard-
less of whether it is phytochemical based or synthetic based—fits to the clinical setting
is advancing more slowly than expected, fundamentally because of safety issues and, in
particular, the cost effectiveness of nanomedicines when the costs of manufacturing and
therapeutic application are taken into consideration. In the event that these issues can be
settled, phytochemical-based nanomedicines (herbonanoceuticals) may end up being
favored choices for various therapeutic treatments in the future.
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8.1 Introduction

Nanotechnology is one of the important fields where micromaterials are engineered
by changing their physical and chemical properties to produce nanosized materials
(Mukherjee et al. 2014). The use of nanomaterials offers immense possibilities to
modify the fundamental properties in drug delivery applications such as immunoge-
nicity, blood circulation, half-life, solubility, diffusivity, and drug release character-
istics. A number of nanoparticle-based drug carriers have been reported in the past
decades for the treatment of various diseases such as cancer, diabetes, asthma,
allergy, infections, etc. The nanomaterial-based therapeutic drug delivery systems
have been extensively used for both targeted and controlled drug release and proved
with promising results in various areas such as cardiology, oncology, neurology,
immunology, ophthalmology, pulmonology, and orthopedics. Thus, drug delivery
systems using various nanomaterial-based carriers offer great interest in the current
pharmaceutical industry in order to deliver the therapeutic agents selectively to spe-
cific areas with improved therapeutic effects (Zhang et al. 2007; Prasad et al. 2017).
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Fig. 8.1 Advantages of nanotechnology- embedded drug delivery systems

The conventional drug delivery systems have limitations due to high drug degradation,
less target orientation, low bioavailability, less stability, etc. On the other hand, drug car-
riers could be designed either by encapsulating therapeutic drugs into the nanoparticles or
by adsorbing on the surface followed by tagging them with the targeting ligands to effec-
tively overcome such problems (Jianping Wu and Peng 2018). The nanodrug delivery
systems (nDDS) can be easily modified using conventional chemical techniques in order
to tune and alter the pharmacokinetic or pharmacodynamic properties (Wen Jiang et al.
2007). The advantages of drug delivery systems using nanotechnology-embedded
approach have been illustrated in Fig. 8.1 (Singh et al. 2015).

This chapter focuses recent developments on the synthesis of various drug carri-
ers using different materials such as graphene oxide, metal organic frameworks, and
naturally available diatoms. The use of these drug carriers and their surface func-
tionalization to enhance the pharmacokinetic or pharmacodynamic properties were
included. In addition to this, important factors like enhanced drug loading capacity,
release profiles, biocompatibility, cytotoxicity, and cellular uptake are discussed.

8.2 Graphene Oxide and Surface-Modified Graphene Oxide
as a Drug Carrier

Graphene is a 2D material which has obtained substantial attention in the various
fields of chemistry and condensed matter physics, due to their unique physical and
chemical properties since their first appearance in 2004 (Zhao et al. 2014). Graphene
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oxide (GO) is an oxidized form of graphite with a layered assembly composed of
sp? carbon atoms arranged in the form of a honeycomb structure. Each layer com-
prises of random six-membered aliphatic and aromatic rings. Therefore, in order to
synthesize GO, the natural graphite powder is oxidized in acidic media, and later
GO was prepared by exfoliation of graphite oxide layers. After oxidation of graph-
ite, different oxygenated functional groups such as carboxyl, hydroxyl, epoxy, etc.
can be attached to the graphene layers (Mahkam et al. 2014). GO has emerged as
one of the important biomaterials with significant usage in DNA sequencing, probes
for cells, biological imaging, etc. (Zhao et al. 2014). These materials being inert
to the biological systems with varying sizes from nano- to micrometers and due to
their hydrophobic properties result in adsorption of various drug molecules. Due to the
graphene-graphene interactions, it leads to poor water solubility and hinders in drug
delivery applications. However, in order to make them as efficient candidates, sur-
face functionalization plays a critical role (Maity et al. 2014).

Functionalization of GO through electrostatic-driven self-assembly approach by
using two natural polymers, chitosan (CS) and sodium alginate (SA), has been car-
ried out (Lei et al. 2016). The anticancer drug doxorubicin hydrochloride (DOX)
was successfully loaded on the functionalized material and studied for pH-dependent
drug release actions. The surface modification of GO with these two polymers
enhanced the solubility of both GO and anticancer drug used in this study. Further,
these DOX-loaded surface functionalized materials GO-CS-SA displayed signifi-
cant cytotoxicity to MCF-7 cells.

Barahuie et al. designed a novel nanocomposite consisting of GO as a nanocar-
rier for loading the active anticancer agent called chlorogenic acid (CAGO) which
forms nanocomposites, as shown in Fig. 8.2 (Barahuie et al. 2017). The drug load-
ing interaction of chlorogenic acid with GO nanocarrier was predicted as hydrogen-
bonding and m-m interaction which was confirmed through Raman spectroscopy,
XRD, and FTIR analysis. By using UV-vis spectroscopy, around 13% of drug loading

& Oxygen
Hydrogen

® @ carbon

Fig. 8.2 Structure of chlorogenic acid (a) and chlorogenic acid-graphene oxide nanocomposite
(b). (Reproduced with permission Barahuie et al. 2017)
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was confirmed. Further, the release profile was depicted as sustained and followed
by pH-dependent release of the drug in phosphate conditions at particular pH of
4.8 and 7.4. In order to compare the cytotoxicity, they have tested for all the three
different materials such as graphene oxide as nanocarrier, graphene oxide-
chlorogenic acid as nanocomposites, and neat chlorogenic acid. Thus, cytotoxicity
studies showed negligible toxicity for drug and nanocarrier. However, the enhanced
anticancer property was observed for the developed nanocomposite.

A novel drug carrier was designed by functionalizing hydroxypropyl-p-
cyclodextrin on carboxylated GO (GO-COO-HP- -CD) to load the anticancer drug
paclitaxel as shown in Fig. 8.3 (Tan et al. 2016).

The results indicated that the stability and solubility of paclitaxel-loaded
hydroxypropyl-p-cyclodextrin-GO was prominently enhanced in aqueous media in
comparison with the untreated paclitaxel drug. The drug loading capacity was 29.93
% and displayed drug release profile at different pH such as 7.4, 6.5 and 5.0 at 37
°C that can be divided into two stages i.e., for the first 6 h, is due to the surface
adhered drug molecules on hydroxypropyl-fB-cyclodextrin—graphene oxide and
sustained release which continued up to 150 h which is due to hallow inner space
created on the hydroxypropyl-f-cyclodextrin-graphene oxide. In addition to this,
hemolysis studies revealed that the paclitaxel loaded into the functionalized drug
carrier improved the blood compatibility and proliferation of HeLa cells that
results in intravenous medicine application.

A targeted drug delivery approach by functionalizing GO with carboxymethyl
chitosan (CMC), fluorescein isothiocyanate, and lactobionic acid (LA) was used in
the studies as shown in Fig. 8.4 (Pan et al. 2016). The comparative studies were car-
ried out with the similar systems without LA was prepared as controls. The antican-
cer drug doxorubicin (DOX) was loaded through the adsorption process.

It was noted that the DOX and GO interaction was through n- stacking, and the
drug loading content and efficiency were >96%. The resultant formulation showed
pH-sensitive drug release. Though DOX-loaded LA-conjugated GO was able to
induce death to cancerous cells, it was nontoxic to noncancerous cells. The reason

-‘"’ﬁ-‘
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Fig. 8.3 Schematic representation of drug-loaded GO-COO-HP-B-CD nanosphere formation.
(Reproduced with permission from Tan et al. 2016)
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Fig. 8.4 (a) Synthesis of functionalized GO materials and (b) DOX loading. (Reproduced with
permission from Pan et al. 2016)

is due to the selective recognition of LA by the asialoglycoprotein receptors are
overexpressed on cancerous hepatic cells.

Huang et al. reported magnetic-guided GO nanocarrier for targeted drug delivery as
well as pH-responsive sustained release approach for two different cancer drugs, irino-
tecan (CPT-11) and doxorubicin (DOX) (Huang et al. 2017). Magnetic nanoparticles
on the surface of GO (m-GO) were introduced via chemical co-precipitation process of
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Fe;0,. Further, m-GO was covalently bound with chitosan (m-GOC) in order to
increase the contact of nanocarrier with the cell membrane. To avoid the endocytosis
by the reticuloendothelial system (RES) and to extend the blood circulation of the
nanocarrier, m-GOC was grafted with polyethylene glycol (PEG) to form mGOC-
PEG. The drug loading efficiency and loading content for CPT-11 was 54% and 2.7%
and for DOX 65% and 393%, respectively. It was noticed at pH 5.4, 60% and at pH 7.4,
10% of DOX drug was released. In comparison, at pH 5.4, 90% and at pH 7.4, 70% of
CPT-11 drug release was observed. In addition, it was possible to kill U87 human glio-
blastoma cell line by magnetic targeting.

The development of drug carrier depends on tuning the thickness and diameter
of the material. Layer-by-layer (LbL) self-assembly supported noncovalent surface
functionalization of GO with chitosan (CS) and dextran (Dex), as depicted in
Fig. 8.5, and the functionalized material revealed a diameter of 300 nm and a thick-
ness of 60 nm (Xie et al. 2016).

The DOX drug was loaded through n-x stacking and electrostatic attachment and
showed pH-sensitive release behaviors in acidic environmental conditions.
Therefore, the use of CS and Dex not only improved the dispersibility of both GO
and the drug but also decreased nonspecific protein adsorption on GO nanosheets.
The cytotoxicity studies on MCF-7 showed strong cytotoxicity for drug-loaded
GO-CS-Dex which made a better candidate in terms of anticancer drug delivery.

Wang et al. prepared hollow Fe;O0,-GO-based nanodrug carrier for the targeted
delivery approach. In this method, the surface of Fe;O, was coated with GO via
electrostatic interactions (Wang et al. 2017). The drug 5-Fluorouracil (5-FU) was
loaded to this nanocarrier which exhibited high drug loading compared to bare

GO
De\
DOX loading GO-CS/Dex

Fig. 8.5 Synthesis of GO-CS-Dex and DOX drug loading. (Reproduced with permission from Xie
et al. 2016)
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Fig. 8.6 Preparation process of Fe;0,/GO composites and drug loading of 5-FU. (Reproduced
with permission from Wang et al. 2017)
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Fe;0,. In addition, this nanocarrier showed strong magnetic properties and there-
fore could be controlled through the external magnetic field. The toxicity studies
proved with good biocompatibility. The preparation process of the drug carrier and
loading of the drug are shown in Fig. 8.6.

The conjugation of sodium alginate on the surface of GO as a drug carrier has
been reported for the loading and release of DOX. In this technique, GO was modi-
fied with adipic acid dihydrazide, and sodium alginate (SA) was covalently conju-
gated to introduce the amine functional groups. The amount of drug loading capacity
was found to be 1.843 mg/mg, and the drug release in the tumor environment at
pH 5.0 was comparatively higher in contrast under physiological conditions at
pH 6.5 and 7.4. Therefore, in vitro toxicity for GO-SA showed no toxicity for
NIH-3T3 cells and for DOX loaded GO-SA high cytotoxicity to HeLa cells (Fan
et al. 2016).

Through the process of free-radical polymerization, Hemmati et al. prepared
molecularly imprinted polymer and GO conjugates (MMIP-GO) using acrylamido-
2-methyl-1-propane sulfonic acid (AMPS) as the functional monomer (Hemmati
et al. 2016). The ethylene glycol diacrylate (EGDA) was used as crosslinker in aid
of acrylate functionalized Fe;O, nanoparticles and GO and rivastigmine (RIV) used
as a template. The rapid burst release was observed for the first 24 h and controlled
release of around 58-76% for 7 days.

Synthesis of stable nanohybrid drug carriers is one of the challenges in current
drug delivery systems. In this work, using Zinc-clinoptilolite/GO (Zn-Clin/GO) by
two different techniques, microwave assisted hydrothermal and reflux method was
carried out (Khatamian et al. 2016). The nanocomposites prepared using reflux
method were stable, homogeneous, and thus used as a drug carrier. Further, the drug
loading capacity for Zn-Clin was 70% in 120 min, GO showed 80% in 30 min, and
Zn-Clin/GO showed 90% in 30 min. The MTT assays studies revealed that DOX-
loaded Zn-Clin/GO showed more cytotoxic behavior than free DOX and that these
drug carriers have potential values in cancer therapy.

Lv et al. prepared multifunctional GO with polyethyleneimine (PEI) in sequence
using image dye fluorescein isothiocyanate (FITC) and polyethylene glycol (PEG)
linked with target ligand lactobionic acid (LA) as represented in Fig. 8.7 (Lv et al.
2016). This surface-functionalized material was loaded with an anticancer drug,
DOX, and 85% loading capacity was observed. Further in vitro studies show that
the release profile of DOX was higher at pH 5.8 when compared to physiological
conditions. Therefore, these drug-loaded multifunctional materials prominently tar-
get SMMC-7221 cells by overexpressing ASGPR receptors.

The conjugation of a novel transferrin (Tf)-poly(allylamine hydrochloride)
(PAH) on GO to form a stable and targeted nanocarrier has been reported. In this
method, amine group of PAH was conjugated with Tf through EDC/NHS chemistry
to form an amide bond between the amine group of PAH and carboxyl group of Tf,
and the resultant Tf-PAH were further coated on the surface of GO (Nasrollahi et al.
2016). The anticancer drug docetaxel (DTX) was loaded on the surface of GO
through hydrogen bonding and n-x stacking. A high drug loading capacity of 37%
was achieved. It was noticed that the drug release at neutral pH is less than in acidic
pH, where the dissociation of hydrogen bonds occur. The studies showed that
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Fig. 8.7 Synthesis of (a) GO, (b) GO-polyethyleneimine, (¢) GO-polyethyleneimine-FITC-PEG-
lactobionic acid, (d) DOX-loaded material. (Reproduced with permission from Lv et al. 2016)

nanocarrier without drug has no cytotoxicity effect on MCF-7 cells. However,
drug-loaded nanocarrier killed the cancer cells effectively and could be exhibited as
one of the promising nanodrug carriers for the hydrophobic drugs. The PAH conju-
gation with Tf and DTX loading is shown in Fig. 8.8a, b.

The mucoadhesive properties have been improvized by functionalizing thiol
ligands in order to deliver the hydrophobic drug valsartan which showed extended
mucus residence time (Pereira de Sousa et al. 2016). Initially, GO was obtained by
oxidation of graphite and thiolated in two different methods. In the first method, the
hydroxyl group of GO was conjugated with thiourea through the formation of bro-
minated intermediate. The other method includes the carboxylic group conjugated
with cysteamine through carbodiimide chemistry, as shown in Fig. 8.9. For this
material, arround 31 + 0.3% of drug loading capacity was observed, and the drug
release rate was in a sustained manner. Also, the enhanced mucoadhesive properties
were confirmed through rheological measurements and residence time assay.

Dopamine was conjugated with nanographene oxide (DA-Ngo) via amide bond-
ing to synthesize a nanodrug carrier for the anticancer drug methotrexate
(Masoudipour et al. 2017). Further, the kinetic studies for drug release from GO in
PBS media were investigated. In addition to this, the antineoplastic action of
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Fig. 8.8 Various steps for preparation of (a) Tf-PAH and (b) Tf-PAH (GO-DTX). (Reproduced
with permission from Nasrollahi et al. 2016)

drug-loaded nanocarrier against the dopamine receptor for both positive and nega-
tive cell lines was investigated. The cytotoxicity studies validated that the presence
of dopamine on the surface of nanocarrier helps to target the dopamine receptor
positive cells and thus, can enhance admit the drug molecules into the cells.

The development of carboxymethyl cellulose/GO (CMC-GO)-based hydrogel
beads by physically cross-linking with ferric chloride hexahydrate for controlled
release of DOX is shown in Fig. 8.10 (Rasoulzadeh and Namazi 2017). The drug
loading was enhanced for CMC-GO and one of the common n-r interaction has
occurred between GO and DOX in comparison with hydrogel. However, the con-
trolled drug release was achieved due to strong interactions among the amine group
of DOX and carboxylic groups present on GO.

In another study for controlled and targeted applications, initially, GO was func-
tionalized with adipic acid dihydrazide (ADH) to introduce an amine group on the
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Fig. 8.9 Synthetic scheme of graphene thiolation exploiting the hydroxyl groups (a) and the car-
boxylic acid groups (b). (Reproduced with permission from Pereira de Sousa et al. 2016)
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Fig. 8.10 Schematic representation of the whole process. (Reproduced with permission from
Rasoulzadeh and Namazi 2017)

GO surface (Rao et al. 2018). Further conjugation with carboxymethyl cellulose
(CMO) results in the formation of (GO-ADH-CMC) composites. The anticancer drug
DOX was loaded via n-r stacking and hydrogen-bonding interactions to achieve
77.9% of drug loading. The DOX-loaded GO-ADH-CMC system was further used
to study the cytotoxicity effects on HeLLa and NIH-3T3 cells. It was noticed that
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GO-CMC-DOX showed pronounced antitumor activity and it is safer compared to
DOX administration.

A multilayer film through layer-by-layer (LbL) assembled nanofilms composed
of block copolymer micelles (BCM), and GO was synthesized and used as a drug
carrier (Jung et al. 2017). Coumarin-6 was the drug used for the studies and showed
rapid release within 24 h. In order to control the drug release, chemical modifica-
tions to the inner structure and external structure were applied. For the chemical
modification, two different kinds of composition were used for chitosan/GO and
GO/GO. In the first method, the inner structure of films modified by crosslinking
results in interactions between GO and BCM. In the second method, the outer struc-
ture of the film was modified by fabricating the outer layers of the film. However,
both the methods and compositions showed different drug release rates, and it was
concluded by using simple surface modification techniques the drug release rates
can be controlled. The surface modification of the 14 films of GO/BCM by cross-
linking Fig. 8.11a and by fabricating a cover layer film by LbL assembly by spin
coating Fig. 8.11b.

Aptamer-decorated dextran-coated nanographene, GO-DEX-Apt, for targeted
drug delivery has been reported. In this study, dextran (DEX) was covalently conju-
gated on the surface of nanographene in order to make the stable biocompatible drug
carrier, GO-DEX (Alibolandi et al. 2017). The conjugated drug carrier (GO-DEX)
was nontoxic to 4T1 mammary carcinoma cell line at a concentration up to 300 pg/
mL. The decorated AS1411 aptamer (Apt), a ssDNA, has the ability to improve the
intracellular uptake by nucleolin recognition and also can be introduced to the
hydroxyl group of DEX in GO-DEX to produce GO-DEX-Apt. Curcuma longa with
antineoplastic properties was loaded on both the carriers, GO-DEX and GO-DEX-
Apt, through n-n stacking interactions with high drug loading capacity of around
29 wt. %. Interestingly, the GO-DEX-Apt could enter efficiently into 4T1 and MCF-7
nucleolin; thus, overexpressed cancer cells showed substantial higher cytotoxicity.
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Fig. 8.11 Surface modification of 14 films of GO/BCM by (a) cross-linking and (b) fabricating
a cover layer film by LbL assembly by spin coating. (Reproduced with permission from Jung
etal. 2017)
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The composites of GO/TiO,/DOX was prepared and loaded into the chitosan/poly-
lactic acid (PLA) nanofiber solutions to form electrospun chitosan/PLA/GO/TiO,/
DOX for the controlled release of DOX drug for up to 2 weeks (Samadi et al. 2018).
Therefore, the mean diameter of PLA/chitosan and chitosan/PLA/GO/TiO,/DOX was
170 nm and 140 nm, respectively. However, the drug loading efficiency for nanofibers
containing 10, 25, and 50 mg of carrier was 97, 94, and 92%, respectively. Therefore,
DOX drug release from the nanofibers with 10 pm thickness showed non-Fickian
diffusion and for 30 and 50 pm exhibited Fickian diffusion. The cell viability
showed proliferation inhibition effect on target cancer cells improved by increasing
DOX content, and more killing of A549 lung cancer cells was achieved by using
chitosan/PLA/GO/TiO,/DOX due to the existence of an external magnetic field.

Designing targeted drug delivery system to selectively target tumor cells, improve
the therapeutic activities, and minimize the side effects is significant. In this method,
the carboxylate group of folic acid (FA) was activated to get active ester intermedi-
ated (FA-NHS). This FA-NHS was then covalently tethered on the amino group of
bovine serum albumin (BSA) in alkaline conditions to form FA-BSA conjugates
(Ma et al. 2017). Further, these FA-BSA conjugates were dispersed in a phosphate
buffer solution at pH 8.0 and added dropwise to the GO solutions followed by stir-
ring at room temperature. Later, this mixture was sonicated for 30 min and stirred
for 24 h at room temperature to form FA-BSA-GO solutions. The DOX drug was
loaded to FA-BSA-GO by simple mixing and stirring overnight at room tempera-
ture. The in vitro cellular uptake and cytotoxicity studies revealed that the FA-tagged
nanohybrid could selectively deliver DOX to the folate receptor-rich MCF-7 cells,
indicating the targeted drug delivery approach. The synthesis of FA-BSA is shown
in Fig. 8.12.
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Fig. 8.12 Synthesis of FA-BSA. (Reproduced with permission from Ma et al. 2017)
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Yao et al. used a facile hydrothermal method to prepare GO/HA (hydroxyapatite)
hybrid designed through creatine phosphate disodium (CPDS)/GO composites tem-
plate (Yao et al. 2017). In this approach, CPDS acts as a soft template and functions
as a phosphate source to induce mineralization of calcium phosphate hydroxyapatite
nanoparticles. In addition to this, GO serves as a hard template. The anti-
inflammatory drug ibuprofen (IBU) was used for loading and the release studies in
simulated body fluid conditions. The results indicated that the sustained release
achieved better for the GO-HA system in comparison with HA microspheres. The
designed system could be used as sustained release drug carriers for the treatment
of postoperative infections of bone replacement.

For antitumor therapy, heparin (Hep) was modified with GO using adipic dihy-
drazide as a linker to control the release of DOX drug. In this method, the OH group
of GO was converted to COOH by using sodium hydroxide and sodium chloroace-
tate to synthesize GO-COOH (Zhang et al. 2017). To this GO-COOH system, the
prepared Hep-ADH was added and agitated for around 24 h to obtain GO-ADH-
Hep. The hemolytic and in vitro cytotoxicity studies of GO-ADH-Hep showed bet-
ter stability, biocompatibility, and blood compatibility. However, the DOX release
from GO-ADH-Hep nanodrug carrier exhibited less drug release when compared to
free DOX. In addition, the cytotoxicity study indicated GO-ADH-Hep-DOX showed
effective cytotoxicities to MCF-7 and HepG?2 cells.

GO was extensively used as a drug carrier for drug delivery applications due to
its remarkable drug loading ability to the aromatic drugs. However, few of the
important factors such as biocompatibility, stability, and blood biocompatibility are
the important challenges which need to be addressed for their further applications.
In order to solve these issues, Mu et al. designed hyperbranched polyglycerol-
modified GO-HPG-GO (Mu et al. 2017). This was prepared through anionic ring
opening followed by branching by polymerization using potassium hydride and
18-Crown-6 for deprotonation, as shown in Fig. 8.13. To this, DOX drug was loaded,
and the drug loading capacity was found to be 328 mg/g which showed significant
cytotoxic property toward tumor cells. However, the prepared HPG-GO showed
good stability in aqueous solutions, low toxicity, good blood biocompatibility with
an imperceptible effect on hemolysis, and blood coagulation.

Song et al. designed multifunctional GO-based targeted drug delivery system by
combining both magnetic and targeting functions such as superparamagnetic iron
oxide nanoparticles and lactoferrin (Lf) (Song et al. 2017). The magnetic nanopar-
ticles were loaded to GO through a chemical precipitation method to form
GO-Fe;0, Through EDC/NHS chemistry, the target ligand Lf was conjugated; the
ligand, an iron-transporting serum glycoprotein, binds to the receptors overex-
pressed at the surface of glioma cells and vascular endothelial cells of the blood-
brain barrier (BBB). The designed nanodrug carrier had high DOX loading capacity
due to stacking and showed a pH-dependent drug release behavior. However, com-
pared to neat DOX and DOX-GO-Fe;0,, Lf-DOX-GO-Fe;0, exhibited efficient
intracellular delivery and cytotoxicity against C6 glioma cells. The synthesis of
Lf-DOX-GO-Fe;0, is shown in Fig. 8.14.
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Fig. 8.13 Synthesis of HPG-GO. (Reproduced with permission from Mu et al. 2017)

The planar polymer-graphene oxide nanohybrid was loaded with 5-FU to
achieve pH-controlled drug release. In this method, GO sheets and branched
poly(ethyleneimine) chains are covalently tethered to tannic acid (Aliabadi et al.
2018). The drug loading capacity was 29%, and in vitro drug release studies at
lower pH showed an increased degradation of the carrier and therefore controlled
drug release for up to 120 h.

Through steglich esterification, the functionalization of GO with poly(e-
caprolactone) (PCL) is shown in Fig. 8.15 (Weng et al. 2017). Lomefloxacin drug
was used in the studies to control the release rate of the drug. However, compared
to neat PCL, the GO-PCL blend was able to release the drug at a constant rate and
was possible to achieve controlled drug release.
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Fig. 8.14 Formation of GO-Fe;0,-Lf-GO-Fe;0, and Lf-GO-Fe;0,-DOX. (Reproduced with
permission from Song et al. 2017)
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Fig. 8.15 Synthesis of GO-modified poly(e-caprolactone) (PCL) by steglich esterification.
(Reproduced and modified with permission from Weng et al. 2017)
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Doping of silver nanoparticles in GO (GO/AgNPs) using glucose as a reducing
agent to form a combination of methotrexate MTX-GO/AgNPs has been reported
(Thapa et al. 2017). The cell viability and cellular uptake showed targeted and
cell-specific uptake. The designed nanodrug carrier improved several properties
such as ROS generation, enhanced apoptosis and NIR induced the photothermal
effect. Thus, it can be an effective and target-specific drug carrier for cancer treat-
ment. The preparation method for MTX-GO/AgNPs is depicted in Fig. 8.16.

The development of zeolitic imidazolate frameworks and graphene oxide
(ZIF)-8/GO nanocrystals was carried out, and it is encapsulated with fluorescein
molecules to form a combination of fluorescein-ZIF-8-GO (Tian et al. 2017). This
carrier achieved pH-controlled release, and for breast cancer cell line 4T1, it showed
less toxicity with easy internalization inside the cancer cells. Fluorescein-ZIF-8-GO
showed a distinctive photothermal effect to effectively kill cancer cells. The synthe-
sis of the drug-loaded ZIF-8/GO nanocrystals is shown in Fig. 8.17.

Saeednia et al. reported thermosensitive chitosan-graphene oxide hybrid hydro-
gels (Saeednia et al. 2017). The loaded drug MTX showed a decrease in drug release
and achieved a controlled release due to the presence of GO in chitosan hydrogels.
Interestingly, the designed hybrid hydrogels loaded with MTX could inhibit the
growth of MCF-7 breast cancer cells. In addition, the designed nanohybrid hydro-
gels can be delivered through simple injection and can be delivered locally in a
sustainable manner.

AgNO;,

PVPK30

PVPK30-MTX-GO-AgNPs MTX-GO-AgNPs
Silver nanoparticles @ MTX <I> PVPK30

Fig. 8.16 Preparation method for MTX-GO/AgNPs. (Reproduced and modified with permission
from Thapa et al. 2017)
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Fig. 8.17 Schematic illustration of the drug-loaded ZIF-8/GO nanocrystal synthesis, synergistic
drug delivery, and photothermal therapy. (Reproduced with permission from Ref (Tian et al. 2017))

Gupta et al. tested the combination of both superparamagnetic iron oxides
(SPIONS) and reduced GO as a drug carrier for targeted drug delivery applications
(Gupta et al. 2018). In this method, the superparamagnetic Fe;O, nanodrug carrier
was prepared by one-step co-precipitation using iron salts and GO. DOX was loaded
for the different concentrations of nanodrug carriers. At pH 4.3, the acidic microen-
vironment of cancer cells facilitates the release of drug molecules due to the sensi-
tivity of GO in acidic condition. In contrast, at physiological conditions, i.e., pH 7.4,
it reduces the side effects of the chemotherapeutic drug.

Aliabadi and coworkers used SPIONs and functionalized the surface of GO and
further coated with polyvinyl alcohol (PVA) (Aliabadi et al. 2017). PVA helps to reduce
the circulation time in blood to reach particular tissues. The release of loaded 5-FU
drug from PVA-SPIONs-GO nanocomposites depends on the pH of the solutions.
However, under acidic conditions, pH 5.8, the drug release rate from the nanocompos-
ites was 91.9%, and at pH 7.4, the drug release rate was decreased to 80.6%.

A novel thermal/pH-sensitive nanogel-based salep modified with GO was
designed and achieved with a high drug loading capacity of DOX (Bardajee et al.
2017). The drug was loaded through the interior of nanogels, attaining a loading
content of 57%, and the drug loaded through the surface of the designed nanogel
exhibited a high loading content of 72%. These systems improved toxicity to HeLa
cells while compared to an equivalent dose of the free drug.

GO was pegylated using sodium hydroxide and chloroacetic acid (Deb and
Vimala 2018). This converts the hydroxyl group (OH) to carboxyl group (COOH)
where the conjugation of acetic acid occurs, producing GO-COOH. The obtained
GO-COOH product was activated by adding EDC to form PEG-NH, at room tem-
perature. Further, the target ligand folic acid was conjugated with COOH groups.
The camptothecin (CPT) drug was loaded to GO-PEG-FA through n-n stacking.
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However, the designed carrier showed pH-dependent release and enhanced anticancer
activity on MCF-7 breast cancer cell lines.

A flexible nanocomposite hydrogel was designed using GO-quantum dots (QGD)
as nanoparticles and carboxymethyl cellulose (CMC) hydrogel as a polymeric
matrix (Javanbakht and Namazi 2018). The loaded DOX drug showed pH-sensitive
and controlled drug release. The cytotoxicity results showed the DOX-loaded CMC-
QGD as a potential high efficient anticancer agent. In addition, CMC-QGD showed
nonsignificant toxicity against blood cancer cells (K562).

A novel pH-sensitive drug delivery system was reported by the dispersion of the
GO-Ag nanohybrid in a chitosan hydrogel matrix and cross-linking it with sodium
tripolyphosphate (STTP) anions (Rasoulzadehzali and Namazi 2018). DOX was
used as a drug for the studies, and it showed significant enhancement in the loading
capacity. The release time of the drug was increased by the GO-Ag nanoparticles
inside the nanocomposite hydrogel beads.

The functionalization of the GO surface with folic acid-polyethylene glycol
(FA-PEG) was carried out using the EDS-NHS crosslinking agents. However, the
morphology of GO was not altered upon functionalization with FA-PEG (De Sousa
et al. 2018). The designed material showed sustained release of the camptothecin
drug. The drug release from the nanocarrier was slow in acidic conditions when
compared in physiological conditions. Interestingly, the developed system could
efficiently internalize by J774 cells, and it intensely adhered to the surface of HepG2
cells. Due to this, it showed tumor cell death by apoptosis.

The chemical structure of drugs, dyes, and pharmaceutical products used in
the various studies which are included in this chapter is shown in Fig. 8.18. In
another study, GO was coated with cobalt ferrite nanoparticles to form GO-CoFe,0,
by co-precipitation method (Kooti et al. 2018). The silver nanoparticles were
embedded on the surface of GO-CoFe,0, to form GO-CoFe,0,-Ag composites.
The developed composites exhibited pH-sensitive drug release in a moderate and
controlled manner.

Deb et al. and coworkers used natural polymer chitosan and modified on the
surface of GO for codelivery of anticancer drugs (Deb et al. 2018). The two antican-
cer drugs camptothecin (CPT) and 3,3’-Diindolylmethane (DIM) were used for the
drug delivery studies. The difference in the mechanism of action of these two drugs
acts as one of the promising candidates that undergo synergistic effect against breast
cancer. The chitosan-modified GO was tagged with folic acid, and the two different
drugs were loaded which showed delayed and controlled release.

However, few of the studies such as serum analysis, bioavailability and for bio-
distribution the rats were treated with GO-CS-FA-CPT-DIM when compared with
free CPT. The serum analysis studies revealed that the two drugs loaded into the
carrier increased anticancer activity and also masked the toxicological effects of
free CPT. Further, these data were supported by histological examination. Overall
to the nanocomposites the loaded drug showed the effective combinational effect
and acts as one of the promising chemotherapeutic agents for breast cancers with
improved bioavailability and fewer side effects.
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Fe;0,-PAC. (Reproduced and modified with permission from Hussien et al. 2018)

Another study suggested design of pectin-conjugated magnetic GO could be
used to deliver paclitaxel drug (Hussien et al. 2018). The material synthesis and
drug loading are neatly shown in Fig. 8.19. In this work, GO was conjugated with
Fe;0, to form GO-Fe;0, magnetic nanocarrier. Further, the pectin (PEC) natural
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polymer which has excellent biocompatibility and is nontoxic in nature was conjugated
to the magnetic nanocarrier, GO-Fe;O,-PEC, by simple mixing. The cytotoxicity
studies showed the prepared material has relatively 80% cell viability. The conjuga-
tion of PEC enhanced the bioavailability of GO-Fe;O,4 The loaded drug showed
high drug loading and pH-responsive release. Besides, in an endosomal cancer cell
medium, the release was more than that in physiological conditions indicating
tumor-targeted drug delivery.

8.3 Metal Organic Frameworks (MOFs) and Surface-
Modified MOFs as a Drug Carrier

Metal organic frameworks (MOFs) are one of the most exciting architectures in the
field of nanotechnology. The MOFs are known to be hybrid self-assemblies of
metal ions or clusters (coordination centers) and organic fragments (linkers). They
exhibit utmost porosities which made them one of the ideal candidates for drug
delivery applications (André and Quaresma 2016). The MOFs reflected as a new
class of crystalline nanoporous material family comprising thousands of different
structures (Jiang et al. 2017). MOFs possess several advantages over traditional
drug carriers. Firstly, their flexible structures provide various surface morpholo-
gies, chemical properties, compositions, sizes, etc. Secondly, their high porosities
and high surface area enable the MOFs with high drug loading capacity. Thirdly,
the most important feature in drug delivery, the weak coordination bonds, indicates
MOFs are biodegradable. With these in mind, MOFs are exhibited as high-potential
and one of the favorable drug carriers exclusively in drug delivery applications
(Wu and Yang 2017).

Park et al. prepared facile nanosized Terbium-MOFs (Tb-MOFs) for drug deliv-
ery applications (Park et al. 2016). In this work, Tb-MOF and Pluronic F127 were
mixed in water, sonicated, and filtered to obtain Tb-MOF-NPs. The porosity created
by MOFs allows to load the DOX drug and deliver to kill cancer cells. However, the
facile method created a nanosized, multifunctional biomaterial as a drug carrier for
drug delivery applications.

A degradable MOF called zeolitic imidazolate framework-8 (ZIF-8) with uni-
form size/morphology, well-regulated hollow mesoporous silica nanoparticles
(HMSN), and mesoporous blocker as pH-responsive drug delivery system has been
designed, as shown in Fig. 8.21 (Zou et al. 2017). A layer of mesoporous silica was
coated on ZIF-8 and consequently self-degraded in acidic conditions to obtain
HMSN. These MOFs showed two different morphologies such as cubic and dodeca-
hedral. It was noted that the DOX loading was 503.4 pg/mol for HMSN-ZIF-8. The
DOX loaded HMSN-ZIF-8 exhibited as efficient drug carrier with pH responsive
release which showed enhanced efficiency in killing cancer cells. The synthesis of
ZIF-8, MSN coating, and drug loading are shown in Fig. 8.20.

A modified hydrothermal method was used to produce y-cyclodextrin-MOFs-
polyacrylic acid (CD-MOFs-PAA) with a spherical cavity of diameter 1.7 nm and
y-CD with diameter 0.8 nm, which was prepared by an oil-in-oil (s/o/0) emulsifying
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Fig. 8.20 Schematic representation of (a) ZIF-8 synthesis and (b) MSN coating followed by drug
loading for ZIF-8. (Reproduced with permission from Zou et al. 2017)
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solvent evaporation method (Li et al. 2017). In this study, insoluble drugs with less
stability (such as ibuprofen and lansoprazole) were trapped inside the CD-MOFs.
Therefore, for effective drug loading, compared to the impregnation method, the
co-crystallization method leads to increase in drug loading, and there was no reduc-
tion in CD-MOF during drug loading. However, ibuprofen showed 12% w/w drug
loading and 9.4% w/w for the lansoprazole. Interestingly incorporation of CD-MOF
inside PAA microspheres leads to control of the drug release in a prolonged way and
also helps in the reduction of cell toxicity.

Liu et al. reported MOF-based drug carriers. In this study, two different carriers
such as CD-MOF-1 and CD-MOF-2 were reported using f-CD (cyclodextrin) as a
building block and cesium (Cs) metal salts as the common backbone (Liu et al.
2017). The templates 1,2,3-triazole-4, 5-dicarboxylic acid (Hstzdc) and methyl ben-
zene sulfonic acid (TsOH) or ibuprofen (IBU) are used for the preparation of
CD-MOF-1 and CD-MOF-2, respectively. The drug 5-Flurouracil showed an
adsorption of 1.379 g/g and 1.510 g/g for CD-MOF-1 and CD-MOF-2. However,
MTX showed loading contents of 0.689 g/g and 1.217 g/g for CD-MOF-1 and
CD-MOF-2, respectively. Interestingly these two CD-MOF-1 and CD-MOF-2
showed good biocompatibility and cytotoxicity assay. Due to the size and shape of
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the pores, it is possible to achieve high drug loading capacity and also alters the
release rate of the anticancer drug molecules.

A  MOF (HKUST-1) was synthesized wusing Cu; (BTC), and
1,3,5-benzenetricarboxylate (BTC) as a drug carrier and used to release the drug in
a controlled manner (Chen et al. 2017). In a typical procedure, Cu (NO;),-3H,0 and
BTC in 2:1 molar ratio were dissolved in 10 mL of DMF, C,HsOH, and H,O
(1:1:1 v/v). The mixture was heated at 80 °C for 24 h which resulted in the forma-
tion of a blue product. Further, this product was washed with DMF and C,H;OH and
dried in air to obtain HKUST-1. Ibuprofen, anethole, and guaiacol are the pharma-
ceutical products used to adsorb on HKUST-1 with the loading contents of 0.34,
0.38, and 0.40 g/g, respectively. These pharmaceutical products can achieve better
controlled drug release properties.

A new class of Zn (11) MOF using [ZngL);(DMA),]-5SDMA, (H4L
[1,1,3,1-terphenyl]-3,3,5,5-tetracarboxylic acid) as a drug carrier was synthesized
and used to load 5-FU drug (Aiqing Ma et al. 2017). This material showed 21.1 wt.
% of drug loading content and effective drug release in a controlled manner, with
95.8% and 91.6% for around 96 h in acidic and PBS conditions. The cytotoxicity
studies showed that there are no specific cytotoxicity issues.

Furthermore, ZIF-8 was encapsulated with aggregated gold nanoclusters
(aAuNCs) through a facile in situ method (Fangfang Cao et al. 2013). The purpose
of using ZIF-8 is to encapsulate AuNCs, and the AuNCs will aggregate in methanol,
forming aAuNCs with improved luminescence property. The prepared ZIF-8-
aAuNCs revealed rthombic dodecahedron. However, the designed carrier showed
good biocompatibility, and further, this system was explored to load Camptothecin
(CPT) drug for controlled release study. The loading efficiency of the drug was
9.4%. The fluorescence of CPT showed strong background emission, thus, the fluo-
rescence selected as a model molecule and the encapsulation efficiency was 12.3%.
However, ZIF-8 tends to decompose in acidic solution and is stable in the neutral or
alkaline medium. Thus, the release rate at pH 5.0 and 6.0 was faster compared to
that at pH 7.4. The delivery of CPT into cancer cells results in growth inhibition and
cell death. Subsequently, compared to free CPT, the CPT loaded in ZIF-8-aAuNCs
showed higher cytotoxic efficacy results. Thus, it could be one of the promising
platforms to transport drug into specific cancer cells.

For the first time, exosome coated on iron-based MOFs known as MIL-88A
(composed of iron (111) and fumaric acid) as an efficient carrier for drug delivery
was synthesized (Illes et al. 2017). In this study, MIL-88A was synthesized using a
microwave technique, loaded with cargo and successively coated with exosomes as
represented in Fig. 8.21. In some of the studies, the lipid was coated by the solvent
exchange method, which led to a total disassembly of the exosome bilayer. Thus, in
order to solve these issues, the exosomes were coated using the fusion method. To
study the drug uptake and release, the membrane-impermeable calcein as a model
cargo was used and incubated in the exosome-coated MIL-88A, particularly on
HeLa cells. There was no release of calcein up to 2 days after incubation. Amazingly,
the drug release was observed from the exosome-coated MIL-88A after 3 days of
incubation, and, after 4 days, there was an increase in the release. The release of
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Fig. 8.21 Exosome-coated MOF for cell uptake and designed mechanism for the release of cargo.
(Reproduced with permission from Illes et al. 2017)

calcein occurs in the absence of photosensitizers, thus exhibiting as one of the
promising drug delivery systems.

In order to solve the common problems in the existing drug carriers such as poor
drug loading capacity or premature release from the external surface, Bhattacharjee
et al. synthesized Fe;0, -MOF-MIL-100 (Fe) (mixture of trimmers of metal “Fe”
octahedral and BTC or trimesic acid) by varying the amount of Fe;O, (Bhattacharjee
et al. 2018). This material developed a high surface area which showed 19.4% of
loading capacity for DOX drug. Importantly for this material the drug release was
up to 20 days without any premature release.

A combination of mixed ligand Cu-MOFs was used to deliver IBU and DOX as
shown in Fig. 8.22 (Sun et al. 2017). The MOFs were synthesized by varying mixed
ligands BTC (1,3,5-benzenetricarboxylate) and isophthalic acid (IPA) through a
hydrothermal method. The variation of the ligand trend is as follows: MOFs-1
(100% IPA), MOFs-2 (40% BTC, 60% IPA), MOFs-3 (70% BTC, 30% IPA), and
MOFs-4 (100% BTC, HKUST-1). However, the mixed ligand MOF-1, MOF-2, and
MOF-3 exhibited negligible cytotoxicity toward human normal cells (HEK 293A).
Noteworthy, the mixed ligand MOFs-2 showed better performance on drug loading
and release.
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Fig. 8.22 Mixed ligand MOFs and their application as a drug carrier. (Reproduced with permis-
sion from Sun et al. 2017)

Mesoporous iron-carboxylate MOF (meso-MOFs) by double template method
as a nanocarrier for intratumoral delivery was reported (Wu et al. 2017). In this
study, cetyltrimethylammonium bromide (CTAB) and citric acid (CA) were used as
adouble template. The DOX was loaded and the loading content was up to 55 wt. %.
The DOX-loaded meso-MOFs showed better antitumor effect when compared to
free DOX. Interestingly, the intratumoral injection of DOX-loaded meso-MOFs
exhibited the meso-MOFs could suggestively reduce the systemic toxicity of DOX
and maintain an effective DOX concentration for chemotherapy. In addition to this,
the designed nanocarrier gave more insight with excellent therapeutic efficacy with
reduced side effects for local chemotherapy.

The other study revealed crystalline MOF nanosheets were designed from new
bulk MOFs and thereby accumulated by Zn?** metal ions as nodes and IBU as a
ligand (Gao et al. 2017). The synthetic surfactant-assisted protocol was followed to
control the growth of bulk MOF to obtain MOF nanosheets. However, compared to
bulk MOFs, the designed nanosheet MOFs realized better pH-controlled drug
release for the ibuprofen drug.

The targeted multidrug delivery approach can be one of the potential strategies to
overcome multidrug resistance (MDR). An efficient pH-responsive PEG-FA func-
tionalized multidrug delivery system for targeted drug delivery was reported in order
to overcome MDR (Huiyuan Zhang et al. 2017). In this study, two drugs such as
DOX and verapamil (VER) were loaded to develop PEG-FA-ZIF-8, which proved
with better drug loading efficiency for both the drugs. Strikingly, PEG-FA
(DOX + VER)-ZIF-8 exhibited a negligible hemolytic activity and less toxicity to
normal organs, indicating their biocompatibility and safe intravenous drug delivery
system. In addition, when compared with free DOX and DOX-ZIF-8, PEG-FA/
(DOX + VER)-ZIF-8 proved enhanced therapeutic efficiencies. The schematic rep-
resentation of the synthesis of PEG-FA (DOX + VER)-ZIF-8 is shown in Fig. 8.23.
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Fig. 8.23 Schematic illustration of pH-responsive ZIF-8 as drug delivery vehicles; the synthesis
of PEG-FA/(DOX + VER)-ZIF-8. (Reproduced with permission from Huiyuan Zhang et al. 2017)

Selenium-containing polymer-metal organic framework (P-ZIF-8) as nanocom-
posites for efficient multiresponsive drug delivery system has been synthesized, as
shown in Fig. 8.24 (Zhou et al. 2017). The loaded DOX drug could be selectively
released in the presence of external redox agents under the acidic environment.
ZIF-8 played an important role in diffusing DOX into ZIF-8 before the release and
also helped in a prolonged release for a period of time. The prepared ZIF-8 proved
excellent biocompatibility with better drug loading capacity, thereby achieving con-
trolled release of the drug.

ZIF-8-Polyacrylic sodium salt (PAAS) nanocomposites using PAA as a soft tem-
plate in the range of 20—300 nm size was produced for pH-responsive and improved
in vitro/vivo cancer treatment, as shown in Fig. 8.25 (Yan et al. 2017). The devel-
oped material exhibited high ultra-drug loading capacity for DOX about 385 wt. %.
The release kinetics and pH sensitivity with tremendous tumor inhibition efficacy
proved its significant biocompatibility.
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