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Preface

Recent developments in nanotechnology have opened up new opportunities for
several applications in a range of sectors, including food, cosmetics, drugs,
biomedicine, environment, and agricultural sectors. Nanoemulsions are one of the
promising formulations based on nanotechnology that have drawn more and more
attention because of their unique properties and potential applications. Nanoemul-
sions are emulsions with droplet size on the order of 100 nm. Nanoemulsion contains
oil, water, and an emulsifier. The addition of an emulsifier is critical for the creation of
small-sized droplets. Emulsifier plays an important role in stabilizing the nanoemul-
sions. Mainly, emulsifier is used as a surfactant, but proteins and lipids have also
been effective in the preparation of nanoemulsions. Nanoemulsions have a large
surface area for interaction and better bioavailability due to their small droplet sizes,
transparency, and heat stability.

The chapters in this book, written by experts in the area, cover a range of subjects
pertaining to green nanoemulsions. The book is divided into 16 chapters that discuss
the introduction, properties, and applications of green nanoemulsions in a range
of fields, including agriculture, food production, cosmetics, pharmaceuticals, and
biomedicine. The first chapter introduces readers to the concept of green nanoemul-
sions and summarizes its features and benefits over conventional emulsions. The
ensuing chapters go over the creation and characterization of citrus fruit, seed, and
essential oil-based nanoemulsions as well as their potential applications in food
and agricultural preservation. The use of green nanoemulsions in the treatment of
stomach, breast, liver, and lung cancers as well as their antibacterial and anticancer
capabilities are also covered in the book. The usage of green nanoemulsions in the
medical, cosmetic, and wound-healing fields is also covered. Along with the safety
criteria that apply to nanoemulsions in the food, agricultural, and biomedical sectors,
the book also discusses the difficulties and potential uses of green nanoemulsions as
a drug delivery mechanism.

Overall, this book aims to contribute to the recent understanding and in-depth
details on the creation, evaluation, and use of green nanoemulsions. The book in
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hand will be very useful to upper-level of graduate students, researchers, and scien-
tists in the fields of food science, agriculture, biomedicine, industrial chemistry,
biotechnology, and many other interdisciplinary subjects.

Wolaita, Ethiopia Azamal Husen
Addis Ababa, Ethiopia Rakesh Kumar Bachheti
Dehradun, India Archana Bachheti
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Introduction to Green Nanoemulsions m
and Their Properties L

Aashna Sinha, Manjari Bhatia, Pranchal Rajput, Kundan Kumar Chaubey,
Manideep Sood, Atreyi Pramanik, Anis Kumar Pal, Sujata Jayaraman,
Shalini Jha, Km. Bhawna, Rakesh Kumar Bachheti, and Archana Bachheti

Abstract The creation of effective and novel organic, nontoxic, and eco-friendly
supplements is currently gaining popularity. The need for further greener prod-
ucts will increase exponentially over time. Healthy, green, and sustainable colloidal
systems that satisfy these requirements and standards include green nanoemulsions.
As the name implies, green nanoemulsions are nano-sized emulsions that are safer,
more functionally effective, and kinetically stable than standard emulsions. Oil and
water are often distributed into one another to form nanoemulsions, with one of the
components acting as a medium (continuous or external phase). The other, however,
is suspended within the medium (discontinuous or internal phase). The synthesis of
biological nanoemulsion is called ‘Green Chemistry’, as it is the more advanced field
in science and technology for enhancing biomedicine and plant based or agricultural
studies. The size of nanoparticles in the nanoemulsions are extremely small that
ranges between 1 and 100 nm. Phase inversion, micro fluidization, solvent disper-
sion etc. are some of the method for the production of nanoemulsions. Different
microscopy and electronic instruments are used for the characterization of nanoemul-
sions like zeta potential, transmission electron microscopy etc. The usage of emulsion
are in cosmetics, lubricants, nano-medicine, pain, catalyst and many more. The recent
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advancements in science have come up with many new branches and catapulted the
existing fields to new heights and one such field is nanotechnology that has led to
advancements in many areas. Hence, the purpose of this chapter is based on the
different methods for the production of nanoemulsions with their properties.

Keywords Nano-emulsion + Advantages - Emergent + Green chemistry -
Properties - Sustainable + Green revolution

1 Introduction

Nanoemulsions are tiny size emulsions that are synthesized for enhancing the transfer
of pharmaceutical active ingredients. The process in which two immiscible aqueous
solution mix together with surfactant (Emulsifying Agent) to form one resultant phase
that contains thermodynamically stable compounds are nanoemulsions. The emul-
sifying substance is sometimes referred to as interphase or intermediate. Miniemul-
sions, which are fine oil/water or water/oil dispersions stabilised by an interfacial
coating of surfactant molecules with droplet sizes ranging from 20 to 600 nm, are
also referred to as nanoemulsions. The transparency of nanoemulsions is due to their
tiny size. There are three different forms of nanoemulsions that may be created: (a)
water in oil nanoemulsions (water droplets are scattered in the continuous oil phase),
(b) oil in water nanoemulsions (oil is disseminated in the continuous aqueous phase),
and (c) bi-continuous nanoemulsions. The most important ingredients are surfactant
and co-surfactant because they give nanoemulsions stability [34]. The next green
revolution in India will be built on the paradigm of green nanotechnology. India, a
developing nation with an agricultural economy, is important in defining the objec-
tives of sustainable development (SDGs). With the intention of removing hunger and
providing food-security for basic nutrition with the goal of sustainable agriculture.
Promoting sustainable agriculture has been designated as goal 2 of the 17 sustain-
able development goals. In India, numerous initiatives have been made to eradicate
hunger. Nanotechnology is a benefit for humanity since it is a powerful instrument
for improving human wellbeing [40].

A growing number of economic sectors around the world are using nanopar-
ticles, which is generating interest in their creation for environmental safety and
biological synthesis [30-32, 37]. Physiochemical methods are frequently used to
produce nanoparticles, which can be expensive and eventually result in environ-
mental harm that is incurable [43]. Wide-ranging biological research is urgently
required as an alternative, successful, inexpensive, and ecologically acceptable
strategy for the creation of nanoparticles with particular features. The phytocon-
stituents (e.g. caffeine, saponins, vitamins, digoxin, peptides flavonoids etc.) found in
different plant extracts were used for the formation of green nano compounds. These
biomolecules act as a very good reducing agents that are important in the formation
of nano-particulates [28, 29, 33, 56, 57, 73]. Similar to this, microorganisms have
a larger number of biochemically active compounds that can interchange organic
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metallic ions into metallic nanoparticles, this has been discovered very recently
and also the most understudied area of analysis [5, 6, 56, 60—65]. It is possible
for some plants, fungi, bacteria, actinomycetes, and agricultural waste to biosyn-
thesize nanoparticles. The usage of nano emulsions in several sectors, including
the food, hygiene products, and pharmaceutical industries, is expanding due to its
potential advantages over regular emulsions. Different names for nano-emulsion
include submicron, tiny, and ultrafine. Different types of nano-emulsion surfactant
used are ionic, anionic, cationic and zwitter ion surfactant rapidly [48]. Due to their
comparatively small droplet size, they show higher amount of stability to droplet
aggregation and creaming [46]. Small enough droplets in nano-emulsions (d50 nm)
scatter light waves very weakly, making them useful for variety of different use. Low
droplet concentrations can produce nano emulsions having high viscosity and gel like
properties because the microscopic droplets’ surrounding polymer or electrostatic
layers overlap [8]. The stability, rheology, and appearance of nano-emulsions are
highlighted in this chapter’s summary of their physicochemical characteristics. The
evolution of nano-emulsion-based output with desirable photo physical qualities and
functional impute is discussed along with the bond between the properties of nano
emulsions. By altering the rheological characteristics of macro emulsion and closely
linked colloidal dispel, nano-emulsion is a latest, more enhanced physiological build
of emulsion [44]. A dispel solution of oil and water is called an emulsion, and nano
emulsions with a size of between 10 and 200 nm are stoichiometric fluctuating but
kinetically organized [46]. It appears optically transparent or murky due to its small
size. Hydrophilic components usually cover hydrophobic ones in a nano-emulsion.
A three-part system called a nano-emulsion consists of liquid phase, a surfactant,
and oil.

Here we discuss about the different methods for production of the nano-emulsions
and their particular properties.

2 Green Nanoemulsion

Healthy, green, and sustainable colloidal systems that meet these requirements and
standards include green nanoemulsions. As the name implies, green nanoemul-
sions are nanosized emulsions that are safer, more functionally effective, and kinet-
ically stable than standard emulsions. Oil and water are typically dispersed into one
another to form nanoemulsions, with one of the components acting as a medium
(continuous or external phase). However, the other is suspended within the medium
(discontinuous or internal phase) [51].
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3 Different Methods for the Production of Green
Nano-Emulsions

Two immiscible liquids are combined to form nanoemulsions, which are made up
of 20-500 nm-sized droplets of one liquid phase (the dispersed phase) floating in
the other liquid phase (the continuous phase). In the case of O/W nanoemulsions,
(Fig. 1) in which oil droplets are suspended in water, oil is referred to as the dispersed
phase and water as the continuous phase, and vice versa for W/O nanoemulsions. It
is nearly always necessary to use a surfactant (or emulsifier) to stabilise nanoemul-
sion droplets. Sodium dodecyl sulphate (SDS, anionic) and cetyltrimethylammonium
bromide (CTAB, cationic) are two typical ionic surfactants, whereas Tween, Span,
and Brij are typical non-ionic surfactants. Although synthetic surfactants have been
used to create the majority of nanoemulsions, certain research have also used natural
biopolymers to create nanoemulsions. Nanoemulsion preparation can be divided into
two groups of methods: high-energy methods and low-energy methods. High-energy
methods are energy intensive methods and typically require power density input of
107-10° W/kg! [18]. Ultrasonic emulsification, high-pressure homogenization and
micro fluidization, are all components of the high-energy emulsification process [71].
In contrast, low-energy methods only require power density input of 10°~10° W/kg!
[18]. Phase inversion temperature and spontaneous emulsification are all components
of the low-energy emulsification technique [15, 36]. Reverse nanoemulsion may be
created in a very viscous solution using a combination technique that combines
high-energy and low-energy emulsification. The different methods for the process
of nanoemulsions gel are given below.

4 High-Energy Methods Emulsification Processes

1. High Pressure Homogenization

High-pressure homogenization is necessary for the creation of nanoemulsion.
Utilizing a high-pressure homogenizer or piston homogenizer, this method creates
nanoemulsion with very small particle sizes (up to 1 nm) [17]. A combination of oil,
water, and surfactant(s) is forced through a tiny gap of 5-10 mm in high-pressure
homogenizers [11, 12, 19]. Due to the relatively tiny gap size, pressure droplets can
reach up to a few thousand bars and are deformed by extremely high shear force
values, which cause the drop to shatter into smaller pieces [22, 23]. The mixture
must typically pass through the homogenizer 15-20 times before the droplet size
stabilises [19, 21, 44].

2. Ultrasonic Emulsification

It involves the initial mixing of the emulsions which has the frequency of 20 khz that
converts to nano-droplets size. High-pressure homogenization and ultrasonication
have a similar mechanism. Electrical input in an ultrasonicator is transformed into
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Fig. 1 Production of nanoemulsions gel

pressure changes that produce cavitation bubbles. The greater drops eventually split
into smaller ones as the cavitation bubbles burst, creating shear forces in the process
[19]. The ultrasonicator must operate for around 15 to 20 min until the droplet size
becomes generally consistent, much like with the high-pressure homogenise [24].
The temperature in ultra sonication is maintained by water-jacket. It consists of probe
made up of piso-electric quartz crystal for providing the energy. These probes expand
and contract through changing of its voltage.

3. Microfluidization

A tool called a micro fluidizer is used in the patented mixing technique known as
micro fluidization. The medicinal product is forced through the interaction chamber
by means of high pressure, resulting in very small particles in the submicron range.
To create a consistent nanoemulsion, the procedure is repeated numerous times to get
the required particle size. A micro fluidizer employs shear forces and high pressure
created by a pump to break down fibres. After being supplied into the intake, fibre
suspension is pushed under intense pressure via a Y- or Z-shaped narrow channel. As
aresult, the suspension accelerates, producing a high shear rate that finally rips apart
the fibres. According to areport, raising the pressure and the number of micro fluidizer
cycles or reducing the chamber size enhances the degree of fibrillation. It is frequently
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used to create emulsions, dairy products, and liposomal products in the pharmaceu-
tical and culinary industries. Because micro fluidization operates at a constant shear
rate, it is fewer prone to clogging than high-pressure homogenization [77] (Fig. 2).

5 Low-Energy Emulsification Processes

1. Phase Inversion Temperature

The nano emulsion that are produced by this technique do not require any outside
force as it involves production of dispersions when transition occur by altering
its temperature. This method is also called persuasion method which is charac-
terised into 4 phases: First phase includes the changing of only single variable for
example temperature or optimal value. Second phase involves the change in more
than one variable example composition and temperature. The Third phase involves
the changing of low internal phase emulsion hence to convert it to external phase.
Fourth phase is stabilized by aqueous crystal production for example nano droplets
stabilization. When the surfactant’s affinity for the water and oil phases is balanced
in the PIT, an oil, water, and surfactant combination may be quickly chilled to create
nanoemulsions [53]. The packing parameter (p), which is equal to the effective surfac-
tant head group area divided by the effective surfactant tail group area, may be used
to explain how a surfactant’s behaviour changes with temperature [59]. O/W emul-
sions are more likely to develop at low temperatures because the hydrated surfactant
head group occupies a higher cross-sectional area than the hydrophobic tail group
(p 1) (Fig. 3).
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2. Spontaneous Emulsification

When immiscible liquids under non-equilibrium conditions come into contact, spon-
taneous emulsification may take place. Gradients in chemical potential between the
phases cause this phenomena, which under some circumstances results in negative
values of the emulsification’s free energy. Droplet production can be accomplished
in spontaneous emulsification without the need of external energy by touching two
immiscible liquids that are not in equilibrium. As opposed to this, if immiscible
liquids are in thermodynamic equilibrium, the energy to expand the interface, A
(where A is the increase in interfacial area and T is the absolute temperature), is
large and positive and cannot be offset by the small and positive entropy of disper-
sion, TS (where T is the absolute temperature and S is the increase in entropy) [66].
It contains 3 stages for the formation of nano emulsions: First, it includes organic
solution formation that comprises of oil and surfactant in liquids miscible solvent and
hydrophilic surfactant. The emulsion which is formed is converting organic phase
into liquid phase under magnetic properties. In the third stage organic solvent is
removed by heating. The nano emulsions size ranges between 50 and 100 nm [48]
(Fig. 4).

6 Pros and Cons of High-Energy Methods Emulsification
and Low-Energy Emulsification Processes

Microfluidization, high-pressure homogenization, or sonication are common exam-
ples of high-energy procedures that employ great mechanical energy to break apart
macroscopic phases or droplets into smaller droplets [67]. This preparation process
is unsuitable for many industrial applications due to the extremely high intensi-
ties needed to produce nanoemulsions with very minute droplets [70]. On the other
hand, many low-energy techniques rely on the spontaneous generation of nanoemul-
sionsin particular system compositions or environmental circumstances as a result
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of modifications in the surfactant’s optimal curvature [2, 4]. The composition can
be maintained constant while the temperature is varied (the PIT technique, or phase
inversion temperature), for example, to modify the curvature.

High-energy techniques are more reliable since there are less limitations on
the surfactant that may be used. Additionally, they need less surfactant to create
nanoemulsions. It has been demonstrated that high-energy approaches may create
nanoemulsions with a dispersed phase volume percentage as high as 40% since the
surfactant quantity is variable [26, 74]. But as was already said, high energy proce-
dures need a lot more energy input than low energy ones. Furthermore, while high-
energy techniques are inefficient from an energetic standpoint, they have a tendency
to heat up the sample, which can lead to the breakdown of the material, particularly if
biological components used to create the nanoemulsions are temperature-sensitive.
However, although being energy-efficient, low-energy techniques are limited in the
surfactant types that may be used and frequently need the use of two surfactants.
Additionally, compared to high-energy procedures, a much larger amount of surfac-
tant is needed. As a result, the scattered volume percentage is often lower than 25%.
The final point is that low-energy nanoemulsions are less stable than high-energy
techniques.

7 Properties of Nanoemulsions

1. Stability

Another way to define “stability” is the capacity of a nano emulsion to survive changes
to its photochemical characteristics [47]. Nano emulsions are thermodynamically
unstable due to the separated oil. When compared to the emulsified phases, the free
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energy of the aqueous phases is lower [48]. As a result, enough time is given, they
always have a tendency to disintegrate, with the speed of change being influenced by
the kinetic energy barriers with respect to height in the system. Nano emulsions may
degrade via a variety of mechanisms, including phase inversion, separation on the
basis of gravity, Ostwald ripening, coalescence, and flocculation [47]. It is crucial
for a nano emulsion product to maintain physical and chemical stability when bring
close to particular surrounding conditions during its production, storage, transit, and
use (such as temperature, pH and mechanical forces). Nano emulsion might have
to degrade in a different set of unique surrounding circumstances (such as when
focusing the small intestine after ingestion). Nano emulsions’ appearance, texture,
and release characteristics can alter due to chemical and physical changes in their
properties, which is crucial when developing them for specific purposes [47].

2. Appearance or Transparency

Because of the droplets” dimensions being close to the intensity of light (r), macro
emulsions seem opaque and have a propensity to scatter light. Since the micro droplets
in nano emulsions (10—100 nm in size) are lesser than the intensity of light which
is visible (r), they are Crystal in nature or seem somewhat murky [20, 44, 48, 70].
A nano emulsion’s overall appearance is determined by its optical characteristics,
which depend on how light waves interact with it through its physical and character-
istically properties [45]. A consumer’s first sight of a nano emulsion-based output is
typically its visible features, which has a significant bearing on whether they would
use it. Nano emulsions’ overall appearance have a effect by a variety of factors that
has identical, cloudiness and colour [47]. When the beads are equally distributed to
a complete nano emulsion, it seems homogeneous, but, when substantial bead accu-
mulation, creaming, or greasing off takes place, it appears heterogeneous. Since the
light that has been dispersed the oil droplets, ceremonial emulsions (200 nm—200 m
frequently appear foggy or opaque. The droplet size in relation to the wavelength of
the light (380-780 nm) determines whether nano emulsions are clear (d50 nm) or
hazy (d50 nm—d200 nm) [45]. Generally speaking, the amount of light dispersion
varies according on the nano emulsion’s droplet size, quantity, and refractive index.
The entity of any chromospheres that specifically engulf the visible light range of
the electromagnetic spectrum (380—780 nm) determines the hue of nano emulsions
[70].

3. Rheology

Rheology is a field of study that examines the flow and deformation of matter. It
is a crucial factor in the production and usefulness of many substance. For several
reasons, understanding the rheology of nano emulsions is crucial. First, the rheology
of the resulting nano emulsion and the thickness of the distinct oil and aqueous phases
determine how effectively droplets are disrupted inside a homogenizer [27]. Second,
the rheology of the particular phases affects the shelf life of nano-emulsion-based
products. For instance, the oiling rate of O/W nano emulsions typically declines as the
aqueous phase’s viscosity rises [41] Third, how a nano-emulsion moves affects the
design and functioning of several crucial production processes, such as mixing inside
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atank, flow via pipe, transit through a binding into product containers [38, 54]. Fourth,
the rheology of nano-emulsion products affects a number of their sensory properties,
including how thick, creamy, pourable, or flowable they appear to be. The rheolog-
ical characteristics of nano-emulsions have changed in contrast to macroemulsions
because of the microscopic size of the droplets [38, 48]. Droplet size and distributed
volume are two factors that might affect rheology. The behaviour of a nano emulsion
can be adjusted for a particular application. Nano-emulsions are far more elastic
than macroemulsions. The food and cosmetic industries use a variety of gelling and
depletion agents to change the viscosity of nano-emulsions to meet the needs of the
finished product [76].

4. Spread Ability

The thermodynamic stability profile of the nanoemulsion was favourable. Under
extreme circumstances, no appreciable changes in pH, appearance, zeta potential,
or particle size were found. The improved formulation 5-fluorouracil chitosan-
decorated nanoemulsion (5-FU-C-NE) demonstrated the greatest and most satisfying
outcome at the extreme temperature (40 °C) and showed no significant changes
in physicochemical parameters [50]. Special apparatus calculates spread ability of
nano-emulsion.

S =ML/T

S = spread ability, T = time taken for the separation of the slide from each other
M = weight that is tied from upper part.

L = length of the slide.

5. Drug Delivery

There are different modes for the delivery of drug in the body like ocular, intravenous,
oral route etc. compared to skin nano-emulsion also act as a barrier for drug admin-
istration through skin. Topical medication of nano-emulsion has great advantages
in enhancing the solubility in oil and continuous phase. It also has great role in the
agents used for ultrasound that contain per fluorocarbon [50].

8 Agriculture Nano-Emulsion

Numerous insect pests that attack different crops significantly reduce yield and
production, wrecking the economies of many nations that rely heavily on agri-
culture. Compared to conventional synthetic insecticides that are harmful to both
the environment and human health, green nanoemulsions are promising nanoprod-
ucts for the environmentally responsible and sustainable management of agricultural
insects [68]. The presence of a substance with hydrophobicity groups has increased



Introduction to Green Nanoemulsions and Their Properties 13

the electrostatic interactions at the interface of the droplets, significantly enhancing
the properties of the nanoemulsion. It is also noteworthy that the properties of a
nanoemulsion can vary depending on the polymer concentration used in it [49].

1. Antimicrobial Agents

Nano-emulsion of thymol with saponin, a water insoluble from the Quillaja tree,
exhibits enhancement of plant growth and anti-microbial activity against microor-
ganisms caused by spot disease Xanthomonasaxonopodispv. Glycine in soyabean
[39] thymol with saponin has increased effectiveness due to nano droplet size. In
conjunction with targets in different directions, including easy penetration through
bacterial membrane and increased cell lysis from the lipophilic moiety of saponin
[72,75] assessed the antibacterial action of anise oil against L. monocytogenes and E.
coli in bulk and nano-emulsion form. There is a chance that volatile molecules with
greater surface area and greater interfacial area will interact with the membrane of
microorganisms [55]. According to diverse research, surfactant molecules can desta-
bilise volatile chemicals at the interface, where they then adhere to microbial cells.
Thymolnano-emulsion, according to [39] stimulates plant development by increasing
its physical and chemical properties. To fully comprehend the function and technique
of nano-emulsion in promoting plant growth, more research is required [72].

2. Activity that is Larvicidal, Pesticidal, and Herbicidal

Pesticide distribution uses the manufacturing of oil-in-water nano-emulsions. The
world’s most populous animal, arthropods, have the potential to control their larvae
[1, 10, 14, 35, 52, 69]. This possibility exists or the bioactive substance can be
contained in oil-based nano-emulsions. Nano-emulsions have been evolving as nano
pesticides due to their bioactivity and the oil phase’s capacity to become nano-
sized. Numerous efforts have been undertaken to lessen the agricultural pest, which
is a major source of crop loss. Numerous fatty acid methyl esters are used to
control pests in lipophilic (glyphosate) nano-emulsions [7, 42]. A nano-emulsion
of eucalyptus oil is specifically targeted at the freshly born larvae of Pectinophor-
agossypiella and Eariasinsulana by cotton bollworms, a destructive insect that infests
cotton plants. Additionally, eucalyptus oil has a wide spectrum of insecticidal effi-
cacy against Sitophilusgranarius, Oryzaephilussurinamensis, Triboliumcastaneum,
Callosobruchusmaculatus, Rhyzoperthadominica, and Callosobruchussurinamensis
[3]. Insecticidal action of jojoba seed oil nano-emulsion upon the wheat pest S. oryzae
was observed by [58]. Because oil droplets are smaller now, they can more easily
penetrate an insect’s cuticle layer, and the extinction of grown insects is inversely
correlated with oil concentration. Pests cause agricultural damage in storage build-
ings after harvest. Neem oil was used to create a nano-emulsion by [9] that is adequate
upon S. oryzae (L.) and T. castaneum (Herbst) and can replace pesticides in ware-
houses with natural alternatives. By creating a nano-emulsion of Manilkarasub-
sericea extract, organic insecticides for sustainable development in agriculture are
promoted [13, 16] loaded the water-insoluble-cypermethrin.

Insecticide action was found using an oil-in-water emulsion pesticide. The tech-
nology of nano-emulsions has also been successfully used to control weeds and
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herbs. In order to combat [7] observed water-soluble IPA nano-emulsion formu-
lations. Thyme and marjoram essential oil macro- and nano-emulsions have also
demonstrated herbicidal effect on Convolvulus arvensis and Setariaviridis seeds
and seedlings [25] employed Saturejahortensis essential oil as herbicide for organic
agriculture systems to manage weeds.

9 Future Possibilities

Over 60% of the people in India is employed in agriculture, which also put up to
around 18% of the country’s total Gross Domestic Product. Nanotechnology is an
amazing fusion of different fields that has a wide range of implementation in many
facets of mortal life, including agriculture. Due to its affordability and environ-
mental friendliness, the formation of nanomaterials by plants and microorganisms
has attracted a lot of attention. The ability of nanomaterials to function as effective
antibacterial agents against a variety of plant diseases is very high. Additionally,
nanoparticles have demonstrated their use as nano sensors and nano fertilizers in
the encouragement of plant development. Although there are several applications
for nanoparticles and nano-emulsions in agriculture, our understanding of how plant
pathogen and nanoparticle interactions affect a plant’s transcriptome, proteome, and
metabolome is still in its infancy and needs to be clarified. Although. Although
developing nations are very excited about using nanotechnology in agriculture, there
are still certain obstacles to be cleared. In order to allow nanotechnology to spark a
new up coming under which happy faces of the needy can be seen, various limits,
including those related to the usage of particles and intellectual property rights, need
to be resolved as quickly as feasible. As they influence many of the functional and
sensational characteristics of nano-emulsions, their physicochemical characteristics
are crucial. Nano-emulsions are often more balanced against gravitational discon-
nection and aggregation than ordinary emulsions since their size is similar to that of
a droplet, which may be useful for boosting the durability. The implementation of
the required works benefit greatly from increasing their endurance. Nanomaterials
must be constructed to avoid early damage since the size of the droplet shrinks and
the instability process intensifies. This might be accomplished by adding inhibitors
and compounds for particular oil phases. The substances utilised throughout the
synthesis process might range from fluids to solids, more or less, depending on the
requirements. It is frequently feasible to generate highly viscous materials in nano
emulsion which have relatively strong attracting or repeling nature between the oil
droplets at low droplet concentrations than in ordinary emulsions. The development
of commercial goods with attractive textural qualities, such as foods, cosmetics,
hygieneor personal care items, may benefit from this phenomenon. Additionally,
nano-emulsions’ structure and composition can be changed. to make materials that
have various optical qualities, from transparent to opaque. When the radius of drop
is less than 20-30 nm, transparent nano-emulsions can be created, however turbid or
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opaque nano-emulsions cannot. Larger droplet sizes can result in the formation of
nano emulsions. Therefore, in some industrial applications, nano emulsions might
be superior to traditional emulsions.

10 Conclusion

The properties of green nano emulsions both chemical and physical are such that suit
they greatly affect both sensory and functional capabilities with the added advantage
of being both sustainable and biologically active component they have an added
advantage over other conventional emulsions along with they have greater stability
in comparison with the other emulsions when it comes to properties like gravitational
separation and aggregation due to their smaller size. Plant mediated nanoparticles is a
route of green synthesis that is cheap and environment friendly. Green Nanomaterials
has wide range of promising effect in Cutting—edge Technologies like drug delivery
etc. Its properties determine the stability and reproducibility and mechanism involve
in its resolvement. Chemicals properties determine the toxicity of animal and plant
system that helps to enhance the delivery of anti-microbial compounds for plant
protection. For the treatment of plants, it is important to know the ratio and quantity
of trace elements for the particular plant species. Along with this they have many
applications in various different fields like agriculture, medicinal purposes along with
this they also have great untapped potential in industries such as edible items and other
consumer goods industries due to the properties like strong inter molecular adhesion
and repulsion the main field that green nano emulsion show the most potential is in
the field of agriculture the conventional methods of agriculture fertilizer delivery are
both highly waste full and non-targeted they are just given in a very large quantity to
the soil and the plants absorbs the nutrients according to their potential and they are
left in the soil green nano emulsion in the long run have the ability to reduce the use
of high quantity of fertilizers and have a more targeted approach the potential and
the possibilities are endless as a field of science and application nanotechnology and
green nano emulsion are in very early stage by the prospects are very intriguing and
could play a role in large number of upcoming discoveries.
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Nanoemulsions from Essential Oils: )
Preparation, Characterization, and Their | e
Applications

Yilma Hunde, Archana Bachheti, Kundan Kumar Chaubey, Azamal Husen,
and Rakesh Kumar Bachheti

Abstract Nanoemulsion technology has emerged as the most promising delivery
channel for lipophilic components such as nutraceuticals, drugs, flavors, antioxidants,
and antimicrobial agents. Nanoemulsions of essential oils commonly involve two
main preparation methods. Preparation of nanoemulsions of essential oils is based
on either non-spontaneous (high-energy) or spontaneous (low-energy) processes.
Several studies reported that ultrasonic emulsification produced the smallest droplet
sizes of nanoemulsions of essential oils. It is documented as an efficient and fast
method of preparation of nanoemulsions. The potential functionality of nanoemul-
sions is because of the higher activity property of their surface area. Droplet sizes, zeta
potentials, polydispersity index, viscosity, stability, and morphologies of particles are
the characteristic properties of nanoemulsions. The characteristics and properties of
nanoemulsions of essential oils depend not only on the components but also on the
preparation methods. The nanoemulsions preparation method has several advantages
over conventional emulsion techniques. Nanoemulsions are suitable formulations to
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serve as an additive in clear drinks and beverages due to their good optical trans-
parent solution. The kinetic stability of colloidal systems is also another advantage of
nanoemulsions of essential oils. This book chapter provides insight into the concise
preparation, characterizations, and applications of nanoemulsions from essential oils.

Keywords Essential oils - Nanoemulsions * Sonications + Emulsification
methods - Eco-friendly

1 Introduction

Environmental factors such as light, oxygen, and temperature are the main causes of
the degradation of essential oils. Nano emulsification is an important technique to
maintain the stability of essential oils during their applications [1]. It is usually diffi-
cult to handle essential oils and obtain their efficient activities through their direct
incorporation into different industrial applications because of the high volatility,
instability, and low solubility of essential oils in water [2—6]. Therefore, nanoemul-
sion formulation is the easiest method to handle the delivery system of essential oils
in various fields. These techniques are also suitable to increase the chance of the
availability of bioactive components of essential oils to target sites [5, 6].

Oils, water, emulsifiers, and energy are important inputs to successfully prepare
nanoemulsions of essential oils [7]. Emulsifiers play a greater role in linking aqueous
and oil phases together through their hydrophilic and lipophilic sites, respectively
[8]. Nanoemulsions can be produced in various emulsification ways, such as oil-
in-water (O/W) or water-in-oil (W/O), and multiple emulsions, such as water-in-
oil-water (W/O/W) or oil-in-water-in-oil (O/W/O), Fig. 1, [9—-11]. The fabrication
of nanoemulsion of essential oils is possible using methods including high-energy
processes: high pressure, micro fluidization, or sonication and low-energy processes:
spontaneous emulsion, phase inversion, and emulsion inversion point [ 12]. Emulsion
materials with droplet size less than 100 nm are classes of nanoemulsions.

Nanoemulsions are thermodynamically non-equilibrium systems [13]. However,
they are kinetically stable heterogeneous colloidal dispersions with droplets of one

‘Water phase Ol phase Water phase il phase
O phase Water phase
b ©.¢ 0.0
Nanoemulsions i O
Surtaciant ‘Surtactant Surtactant i Surfactant

(QW) (Wio) (VWD) (WIonw)

Fig. 1 Preparation of various nanoemulsions taken from [10]
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phase in the immiscible continuous system bounded by the film of non-ionic surfac-
tants with the size of particles below 100 nm [14]. Nanoemulsions with droplets size
10-100 nm are reported to act as carriers for lipophilic compounds such as nutraceu-
ticals, drugs, flavors, antioxidants, and antimicrobial agents in food, pharmaceutical,
and cosmetic industries [15, 16]. Researchers widely prefer nanoemulsions because
the method increases the solubility of weak water miscible materials such as oils [17].
Nanoemulsions of essential oils of plants using non-ionic surfactants are known for
their high stability and environmentally friendly properties [18]. Surfactants in the
system stabilize nanoemulsion by reducing the surface tension at the interface of
water and oil droplets [19].

Nowadays, nanoemulsion is attracting the strongest attention of scholars as an
essential oils delivery system than micro- and conventional emulsions methods [20].
Previous studies also showed that nanoemulsions containing essential oils’ chem-
ical components possess potential applications in the industry to treat pathogenic
microbial contamination of food [21]. Therefore, the nano-formulation of essential
oils greatly extends the storage time and enhances the delivery chances of bioactive
compounds of nanoemulsions [22]. Similarly, active chemical components of essen-
tial oils in the form of nano-pesticide emulsion in water effectively manage crop
pests [23]. Encapsulation and film formulation are efficient techniques to increase
the stability and efficacy of nanoemulsions of essential oils in various applications
[24]. This book chapter summarizes the updated scientific reports on nanoemulsions
of essential oils, their characterization, and some potential applications.

2 Preparation Methods of Nanoemulsions of Essential Qils

The method of nanoemulsions preparation determines their stability nature [25].
Nanoemulsions are prepared using high-energy input or surfactants, and the two
systems are sometimes applied together [26]. The two basic nanoemulsions fabrica-
tion systems are high-energy and low-energy methods [27]. The need to prepare
nanoemulsions of essential oils is to formulate O/W, W/O, O/W/O, or W/O/W
emulsions throughout the process (Fig. 1) [21, 28].

2.1 High Energy Methods

High energy emulsification is the most commonly used technique for the synthesis of
nanoemulsion of oils [29]. High energy approaches are favoured over conventional
emulsions for forming nanoemulsions due to their kinetic stability, bioavailability,
and optical transparency [30]. High-energy methods also use ultrasound generators,
high-pressure homogenizers, and high-shear stirring, which are preferred because of
their ease of formation with large-scale yield [31].
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2.1.1 High Pressure Homogenization

A high pressure pumped through a resistive valve is applied to the oil-water-
surfactant mixture to produce a nanoemulsion formulation [32]. Homogenization
process under high-pressure agitation improves the solubility of essential oils in
water for nanoemulsion formulation [33]. The challenging property of preparation of
essential oil nanoemulsions easily using a high pressure homogenization system is the
low polarity and high viscosity of components of essential oils [34]. High-pressure
homogenization is mainly used for nanoemulsions in laboratories and industries
due to its versatility and scale-up feasibility [30]. It is also reported for its popular
flexibility and ease of tuning droplet size [35].

2.1.2 Ultrasonicators

Nanoemulsion of essential oils in water is prepared by aqueous to oil phase ratio
of various components using high-speed ultrasonicator. Ultrasound-promoted high-
energy input application for the mixing of two immiscible fluids using ultrasonicators
to form emulsions is called the ultrasonication process [23, 36]. The ultrasonica-
tion method is a widely used approach to preparing nanoemulsions of essential oils
[37]. As shown in Fig. 2, some ways of nanoemulsions formulation were reported
either as the preparation of coarse emulsion and then treating the course emulsion
with high energy pressure, such as the sonication process, or directly preparing the
nanoemulsion from the crude materials using ultrasonication technique [38]. Most
of the time, using the ultrasonication process to prepare nanoemulsions produces the
desired results without any requirement for making coarse emulsions [39]. Higher
creaming stability, smaller droplet sizes, and higher zeta potentials of nanoemul-
sions are prepared by using sonication process [40]. The nanoemulsions with smaller
particle sizes always have better stability [41].

The ultrasonication method is employed to prepare smaller size nanomaterials
[12]. The ultrasonication waves employ higher intensity of energy forces to convert
larger emulsion droplets into nanosized ones [43]. Ultrasonication involves two
processes: creating droplets in the acoustic field and the production of high distur-
bance in emulsion and micro-jets during asymmetric cavity collapse. An asymmetric
cavity collapse results in the breakdown and disorder of droplets in the continuous
phase [44]. One of the significant advantages of the ultrasonication system is that
it usually uses less toxic solvents to prepare nanoemulsion of oils [45]. As other
advantages, it affords nanoemulsions with the smallest size, the lowest polydisper-
sity index, the highest stability, and the least amount of surfactants which can solve
the drawbacks of low energy methods in nanoemulsion preparation [8]. Nanoemul-
sions of essential oils formed by ultrasonication methods have more stability for
the extended shelf-life as compared with the nanoemulsions synthesized using other
high-energy systems [46].
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Fig. 2 Oil-in-water nanoemulsions using ultrasonication method taken from [42]

2.1.3 Micro-Fluidization

Micro-fluidization is an efficient process commonly used for the reduction of droplet
sizes of emulsions [47]. Micro-fluidization process reported to show significant
decrease of droplet size and viscosity of nanoemulsions of essential oils [16]. Some
studies reported that active nanoemulsion delivery ways based on micro-fluidization
approach for the prototype of essential oil with the prolonged stability condition by
using saponin as biosurfactant [48]. Even though the desired size of droplets can be
obtained in the micro-fluidization system, there are more conducive techniques to
synthesizing nanoemulsions in large-scale production [49].

2.2 Low-Energy Methods

Low-energy methods of nanoemulsions preparation involve phase inversion temper-
ature, phase transition, and self-emulsification methods [31]. Low-energy emulsifi-
cation methods are mainly monitored by the physicochemical properties of surfac-
tants in the preparation of nanomaterials. For example, in low-energy system, large
amounts of surfactants are required during the whole process in the food industry.
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This approach, in turn, changes the food’s original odor, which is unacceptable to
consumers [8]. The low-energy method transforms W/O into an O/W emulsion phase
[5]. In the low-energy emulsification approach, the synthesis of nanoemulsions of
oils relies on internal chemical energy sources [50]. Various studies were carried
out on the synthesis of stable nanoemulsions by using low-energy input approaches;
however, only a few use oil models appropriate for the food processing industries
[51]. Of course, there is recently a growing effort in preparing nanoemulsions using
low energy systems to save energy in industries (W. [52].

2.2.1 Spontaneous Emulsification

Spontaneous emulsification involves the addition of a small concentration of organic
phase (essential oil and surfactant) into an aqueous phase. Then it needs addi-
tional mixing which finally generates nanoemulsions without any energy input
[23]. Nanoemulsions obtained by the spontaneous emulsification process are widely
utilized in various industries, including food processing and packaging [39]. Some
drawbacks of this method are the low oil content dispersed in the emulsion formula-
tion, the solvent used is water soluble in all proportions, and the difficulty of removing
the solvent used in the process [32].

2.2.2 Phase Inversion Temperature (PIT)

In the phase inversion method, oil, water, and non-ionic surfactants are stirred slightly
at room temperature to prepare nanoemulsions [53]. Three important steps as (1)
formation of coarse emulsion by stirring the solution containing oil, water, and
surfactant at room temperature, (2) heating the solution gradually around or above the
PIT, and (3) forming O/W nanoemulsion from the previous solution by using rapid
cooling or dilute into cold water by continuous stirring [7]. Phase inversion temper-
ature approach maintains constant composition in the preparation of nanoemulsions
[54]. Coalescence and Ostwald ripening rate are the two processes reported as driving
force for the instability of nanoemulsions [55].

2.2.3 Phase Inversion Composition (PIC)

Phase inversion compositions mainly use essential oils and biodegradable surfactants
in water to synthesize nanoemulsions over other low-energy systems [50]. Phase
inversion composition approach maintains a constant temperature in nanoemul-
sions formation [54]. This method also demonstrated the formation of significant
nanoparticles after the evaporation of solvent from nanoemulsions [56].
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3 Characterization of Nanoemulsions Formation

The physicochemical stability of nanoemulsion is an essential parameter due to
their droplets’ stronger surface activity. The small droplet size of nanoemulsions
is significant for their stability against sedimentation or creaming because of the
Brownian motion, as the diffusion rate of droplets is higher than the sedimentation
rate induced by gravity force [32, 57]. pH of the system is very important in the
formulation of nanoemulsions of essential oils. This is because essential oils in
water show different solubility results at various pH conditions [58]. The viscosity of
nanoemulsions is characterized at room temperature through a rotational viscometer.
Viscosity is a vital physicochemical agent for the evaluation of stability and efficient
release of bioactive components of nanoemulsions [59]. The aggregation nature of
droplets of nanoemulsions, i.e. flocculation is directly proportional to the viscosity
of emulsions [51]. The nano-sized nature of emulsions gives unique rheological
properties to the nanoemulsions [27]. The surface rheological properties influence the
diffusion of active components of nanoemulsions [60]. Flow curves of nanoemulsions
are also determined by a Modular Advanced Rheometer system [61].

The electrophoretic properties of prepared nanoemulsions of essential oils,
including droplet size, zeta potentials, and polydispersity index, are characterized
by the need for quality evaluation of nanomaterials applying the dynamic light
scattering (DLS) techniques that utilize zeta nano-sizer instruments [42, 62]. The
measurements of droplet sizes, zeta potentials, and polydispersity index of nanoemul-
sions of essential oils are usually determined for the determination of appropriate
particles of nanoemulsions for the required area of application [63]. Particle size
measurement indicates the stability phenomena of nanoemulsions against phase
separation and creaming at different storage periods [64]. Polydispersity index deter-
mines the heterogeneity of sizes of perticles in the nanoemulsion [51]. Zeta potential
of nanoemulsion is an important indicator for showing the electrostatic interaction
between the surfaces of droplets. Zeta potential depicts the charge accumulation on
the surface of the particle, which determines nanoemulsions chemical and biological
properties [65]. The determined zeta potential results greater than & 30 mV indicate
the maximum stability of nanoemulsions of essential oils because of their stronger
Van der Waals forces between particles, decreasing the agglomeration effects of the
droplets of emulsions [66].

Electrical conductivity was analysed by a conductometer at specific frequency,
used to characterize the stability and nature of the formulation of nanoemulsions of
essential oils [64]. It is also reported to reveal the electrical charges present on the
droplets in the dispersion medium [67]. The morphologies and structural network
of nanoemulsions of essential oils are investigated by scanning electron microscopy
(SEM) and tunnelling electron microscopy (TEM) [67, 68]. TEM is also reported
to confirm the nanosizes of droplets of nanoemulsions measured by the dynamic
light scattering (DLS) method [69]. In the sample preparation of the sample charac-
terization procedure, the dispersions are ultrasonicated to avoid the aggregation of
particles, and a drop of the most stable emulsion is applied on the grid and then dried
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in a vacuum-based oven and finally used in a machine for SEM and TEM characteri-
zation [70]. X-ray diffraction (XRD) is applied to characterize the packing structures
of encapsulated and loaded essential oils in the nanoemulsions formulation [71].

4 Potential Applications of Nanoemulsions of Essential Qils

Various plants extract such as essential oils are the current focus area for several valu-
able and useful applications [72-74]. Nanoemulsions of essential oils have become
an interesting formulation for various applications in different fields [75]. Industrial
fields such as polymerization’s reaction media, cosmetics, drug delivery system and
personal care, agrochemicals, and consumer products are the major fields of appli-
cation of nanoemulsion of essential oils [76]. Currently, nanoemulsions are also
obtained strong research interest for their diversified applications in the cosmetics,
pharmaceuticals, pesticides, paints, food, and environmental industries [23]. The
weak flocculation, reduced coalescence, and no creaming or sedimentation proper-
ties of nanoemulsions on their storage due to their smaller droplet sizes make them for
applications in the cosmetics industries [77]. Nanoemulsion is a promising system
for incorporating important bioactive components of essential oils into food systems
[78]. It is also reported that nanoemulsions are the important systems to incorporate
the pleasant odor or flavor essential oils into food items [7].

Essential oils based nanoemulsions are reported to possess promising antimicro-
bial activities in clinical applications because of their non-phospholipid, stability,
non-toxic, sustainability, and inexpensive properties [18]. Nanoemulsions formula-
tion approach improves the delivery system of bioactive compounds of essential
oils to the more efficient antibacterial activities in the food and beverage prod-
ucts [79]. During application, the efficiency of nanoemulsion of essential oils is
greater than that of crude essential oils because of the improvement of solubility and
bioavailability of active components [80]. For instance, nanoemulsion of terpene
mixture and D-limonene showed potent antimicrobial activity against Lactobacillus
delbrueckii, Saccharomyces cerevisiae, and Escherichia coli in fruit juice [81]. The
citral nanoemulsions also exhibited significant inhibition activity against the growth
of bacteria species such as Listeria monocytogenes and Staphylococcus aureus due
to the potential activity of citral to disrupt and penetrate the lipid structure of the
cell wall of bacteria and cause their death [58]. Optimization of the preparation
of nanoemulsion of essential oils in the various areas of applications demonstrates
highly improved activities [82]. The preparations of nanoemulsions of essential oils
in the form of nanoencapsulation and loaded-film formulation are reported to opti-
mize their delivery systems and elongate the shelf-life of bioactive components [24].
Nanoemulsions of oils can be delivered in oral, topical, and transdermal application
forms [59] (Table 1).
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Table 1 Preparation of nanoemulsions of essential oils, characterization, and applications
Main components of EOs | Preparation | Characterization | Applications Key
(source) methods technique* references
D-Limonene (Citrus High-energy |ZS (27-99 nm) | Nanoencapsulation | [83]
fruits) ZP (—20to — in food industry
30 mV)
Citral (citrus fruits) High-energy |ZS (10-100 nm) | Antimicrobial [58]
activity
Eucalyptol, High-energy |ZS (204.4 nm) Antibacterial [84]
(+)-2-bornanone, a-pinene PDI (0.12) activity
(Salvia officinalis)
Curcumin (rhizome of High-energy | ZS (93.64 nm) Wound healing and | [85]
Curcuma longa) ZP (—11.67 mV) | inflammation
PDI (0.263) treatment
Eugenol (Cinnamon leaf) | High-energy |ZS (65 nm) Antibacterial [86]
PDI (0.138) activity
EO (Grammosciadium High-energy |ZS (41.46 nm) Antimicrobial [38]
ptrocarpum) ZP (—15.10 mV) | activity
PDI (0.186) Antioxidant activity
Carbonyl compounds High-energy |ZS (134.10 nm) | Antioxidant agents | [15]
(aerial parts of Nettle)
EO (betel leaf) High-energy |ZS (58 nm) Antibacterial [87]
activity
EO (Iemongrass, thyme, High-energy | ZS (50, 85, Antibacterial [88]
sage) 42 nm, activity
respectively)
ZP (—44, —50,
-179,
respectively mV)
PDI (0.57, 0.58,
0.69,
respectively)
p-cyamene and High-energy | ZS (20 nm) Larvicidal activity | [89]
a-phellandrene (Dill) PDI (2.0)
EO (orange peel) High-energy | ZS (12.68 nm) Food and [4]
PDI (0.439) pharmaceutical
additives
curcumin (Curcuma longa | High-energy | ZS (49-105 nm) | Wound healing [90]
rhizome) ZP (—20.91 mV)
PDI (0.06)
Carvone and limonene High-energy | ZS (113.2 nm) Fruits preservation | [91]
(Caraway) PDI (0.117)
EO (Foeniculum vulgare) | High-energy |ZS (44-105 nm) | Antidiabetic [92]
ZP (—14 to — activity
34 mV)

PDI (0.32-0.48)

(continued)
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Table 1 (continued)
Main components of EOs | Preparation | Characterization | Applications Key
(source) methods technique* references
Phenolics (cumin seeds) | High-energy |PS (69-111 nm) | Antioxidant and [93]
ZP (—8 to — hepatoprotective
33 mV) activities
PDI (0.23-0.57)
Citral (lemongrass) Low-energy |ZS (115 nm) Phyto cosmetics [50]
ZP (—2.5mV) and phytotherapics
PDI (0.20)
Limonene, a-pinene, High-energy | ZS (62 nm) Antioxidant activity | [67]
linalyl acetate (citrus fruit) ZP (—14.9 mV)
PDI (0.125)
Estragole (Basil) High-energy |ZS (41.60 nm) Antibacterial [94]
PDI (0.093) activity
Lavender oil, camphene, | High-energy |ZS (104.55, Antimicrobial [42]
and a-terpinyl acetate 117.23,105.23, | activity
(Lavandula spica) respectively) Antioxidant activity
ZP (—22.26, —
27.10, —
18.14 mV,
respectively)
PDI (0.125)
D-limonene (citrus fruits) | High-energy |ZS Seafood [95]
(269-428 nm) preservation
ZP (—37.71to —
51.79 mV)
PDI (0.21 to
0.65)
Eugenol (clove leaves) High-energy |ZS (130 nm) Antibacterial [96]
ZP (—12 mV) activity
PDI (0.20)
1,8-cineol and camphor Low-energy | ZS (89.87 nm) Anti-inflammatory | [97]
(Rosmarinus officinalis) ZP (—12 mV) activity
PDI (0.193)
EO (lemongrass) High-energy | ZS (4.49 nm) Food preservation | [98]
ZP (—20.9 to —
62.2 mV)
Chlorophenols (aerial part | Low-energy | ZS (102 nm) Food packaging [99]
of nettle) PDI (0.192)

(continued)
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Table 1 (continued)

Main components of EOs | Preparation | Characterization | Applications Key
(source) methods technique* references
a-pinene, ger-macrene D, | High-energy | ZS (106 nm) Anti-inflammatory, |[66]
B-caryophyllene, ZP (+4.91 mV) | and antipyretic

a-copaene, sabinene, and activities

D-limonene (resin of
Araucaria heterophylla)

1,8-cineole (eucalyptus), | High-energy |ZS (68.15 nm, Antifungal activity | [33]

a-citral and B-citral 90.56 nm,

(Ilemongrass) respectively)
ZP (=9.74 mV,
—8.77mV,

respectively)
PDI (0.19, 0.22,
respectively)

“PDI = polydispersity index, ZP = zeta potential, ZS = Zeta size of droplets

S Some Limitations and Opportunities of Nanoemulsions
of Essential Oils

One of the drawbacks of nanoemulsion formulation is the lack of easily maintaining
long-term stability for commercial purposes due to their production of colloidal
dispersions with smaller droplet sizes [ 13, 48]. The advanced instruments and process
methods cost a lot for reductions of droplets size of nanoemulsion [75]. The unac-
ceptable taste of final products limits the applications of nanoemulsions of essential
oils in the food industry because of the excess amount of surfactants used, espe-
cially for low-energy formulation methods [10]. These limitations allow researchers
from different disciplines to design new nano-engineered delivery materials with
cost-effective and high-stability properties [5, 23]. Preparations of nanoemulsions of
essential oils are based on eco-friendly approaches, which also attracts big oppor-
tunities to replace synthetic emulsifiers such as surfactants with natural alternatives
[36]. Some drawbacks of nanoemulsion preparations may bring an opportunity to
develop improved formulation methods and new products with unique functionality
[36]. The improved efficient and controllable delivery system development in prepa-
ration for the nanoemulsion of essential oils can be extended to other formulation
processes. An additional opportunity for producing nanoemulsion of essential oils is
their vast market demand due to their preference in various food industries [100].
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6 Conclusions

Even though there are several methods of preparation of nanoemulsions of essential
oils, high-energy approaches are the most commonly used systems. Nanoemulsions
of essential oils are promising methods to be utilized in diverse areas of applications.
The use of nanoemulsions of essential oils in various areas such as food, paint,
pharmaceutical, pesticides, and cosmetics industries highly attracted the interest
of researchers from different disciplines. The demand for substituting limited and
synthetic or semi-synthetic resources with sustainable and natural additives in the
consumed products makes nanoemulsions of essential oils more important in various
fields of applications. Creaming, flocculation, coalescence, and Ostwald ripening are
mechanisms to be controlled during nanoemulsions preparation for managing the
instability of nanoemulsions. Due to Brownian motion, nanoemulsions of essential
oils with smaller particle sizes are highly stable relative to the creaming of droplets.
Due to the smaller size of droplets, less chance of agglomeration and higher stability
of particles are observed in the nanoemulsions of essential oils prepared by ultra-
sonication methods. Nanoemulsion is applied as a potential method to encapsulate
bioactive compounds of essential oils from environmental stresses such as temper-
ature, oxygen, and light effects. Optimization of nanoemulsions of essential oils
before their applications is highly required to maximize their activities. Therefore,
nanoemulsions of essential oils have potential uses in wide applications. However,
the instability problem of most nanoemulsions of essential oils in storage for longer
periods of time requires strong attention from researchers.
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Citrus Fruit Nanoemulsions and Their )
Applications L

Esraa A. Elhawary, Ashaimaa Y. Moussa, Omayma A. Eldahshan,
and Abdel Nasser B. Singab

Abstract Essential oils biological activities are more than any time before needed
and sought after. From their antimicrobial, antioxidant to antitumor and neuroprotec-
tive activities, citrus essential oils are endued with wide health and nutritional bene-
fits, yet their limiting low solubility were a hurdle against their widespread use. Nano
emulsions represent an attractive controlled strategy to deliver the lipophilic natural
volatile components with ultra-efficacy due to their minute size and stable kinetic
properties. Various applications demand the use of Citrus nano emulsions formula-
tions; for instance, sustainable food industry requires safe and powerful antimicrobial
agents for long term storage as well as flavoring and coloring agents. In medicine,
the low bioavailability of Citrus oil was always a concern and restricted its wide use
as a nutraceutical agent despite its proven health profits. This chapter focuses on the
different methods applied in the preparation of citrus nano emulsions, their types and
properties with a special insight over their role in food, therapy and medicine as well
as cosmetics.

Keywords Essential oil - Nanoemulsions - Uses *+ Application

1 Introduction

Nanoemulsions are type of emulsions in which water and oil phases are being stabi-
lized by surfactants. Surfactants act by decreasing surface tension together with co-
surfactant. Nano emulsions are mostly used in food, drug and toiletries industries,
they are preferred due to their high stability and low opacity rate as target delivery
systems. Their unique physicochemical properties allow for their wide utilization
in medical, agricultural, food, cosmeceutical, pharmaceutical and diagnostic appli-
cations [4, 18, 19]. Nanoemulsions help in using essential oils in food products by
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allowing more dispersibility of such essential oils in places of microbial growth
leading to enhanced antimicrobial activity [13, 14, 30].

Essential oils had gained much attention in the area of food preservation due to
their potent antimicrobial activities against wide array of microbes that affect human
health. Essential oils usually comprise part of many plants’ secondary metabolites,
they are volatile compounds with pleasant aroma and thus have been used as food
flavoring agents to impart pleasant odors. Food-borne microbes are one of the hot
topics worldwide affecting food quality and leading to the rapid deterioration of many
crops and industrial products. Food preservation usually takes place through many
techniques including; drying out, warm treatment, adding anti-microbial agents, pH
and environmental changes such techniques are applied in many food processing
factories. An important part of food preservation is played by the antimicrobial
agents added to foods either from natural or artificial sources. One study addressed
the effect of adding garlic essential oil (Allium sativum) and the essential oil of wild
garlic (Allium vineale) as food additive. Part of the artificial antimicrobials added to
foods viz. esters and organic acids has been legally prohibited from use due to their
various health hazards [25, 30, 37].

Genus Citrus with its members is part of family Rutaceae, which includes about
140 genera and 1300 species. Citrus comprises a lot of important species including;
Citrus sinensis (Orange), Citrus reticulate (Mandarin), Citrus aurantifolia (Limes),
Citrus limon (Lemon), Citrus paradisi (Grapefruit), Citrus bergamia (Bergamot),
Citrus junos (Yuzu) and Citrus japonica (Kumgquat) (Fig. 1). Many Citrus species are
native to Asia especially the Himalayan hills in India, Northern Myanmar, Southern
China and Southeast Asia. Citrus represents important genera of fruits worldwide,
used as condiment, in the pastry industry, and bloody orange in many sweet and
savory recipes from Europe. Citrus fruits have a high nutritional value and are rich
with many secondary metabolites viz. polyphenolics, phenolic acids, flavonoids and
their derivatives, limonoids, essential oils and vitamins (vitamin C and carotenoids)
[8].

The nutritive and health-related effects of Citrus are wide and are mainly as
antioxidants, anti-inflammatory agents and cytotoxic. However, their low solu-
bility, stability, and bioavailability challenge their potential industrial formulations.
This book chapter represents the use of citrus fruit formulations like nanoniza-
tion and encapsulation in nano-scale carriers to facilitate their commercial use and
applications [11].

Recently the idea of food safety had gained much attention from both customers
and food industry members due to increased public awareness regarding health.
Natural components are of great importance for food and medical industrial appli-
cations owing to their little or no side effects, cost-effectiveness and eco-friendly
nature compared to synthetic counterparts. Plant-based natural antifungal agents
have become ideal alternatives to commercial synthetic chemical preservatives to
enhance food quality and safety. Citrus essential oils had gained much interest in this
field due to their wide spectrum of activity against various bacteria, fungi, viruses
and even insects [29, 40]. Thus, the citrus essential oils were widely used as food
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Fig. 1 Diagram showing the

most common Citrus species Citrus sinensis (Orange)

Citrus reticulate (Mandarin)
Citrus aurantifolia (Limes)
Citrus limon (Lemon)
Citrus paradisi (Grapefruit)
Citrus bergamia (Bergamot)
Citrus junos (Yuzu)

Citrus japonica (Kumquat)

Genus Citrus

C. aurantium (Sour orange)
C. grandis (Pummelo)

C. macroptera (Wild orange)
C. medica (Citron)

C. mitis (Calamondin)

— C. sinensis (Sweet orange)

preservatives, in food formulations, packaging, and preservation to enhance both
food quality and safety [8].

2 Methods of Nano Emulsion Preparation (Fig. 2)

1. Spontaneous emulsification method

In this method the emulsion is formed by mixing two liquids at ambient temperature.
The first liquid is represented by water while the second is composed of oil, surfactant,
and a water-miscible liquid. The two liquids here are stable all alone while this
thermodynamic stability reach non-equilibrium upon mixing them together. The
fast transfer of the water soluble components from the lipophilic to the hydrophilic
phase leads to significant elevation of the interfacial area which results in metastable
emulsion state. As a result of that, solvent diffusion gets really fast and the turbulence
increases as well giving rise to Nano droplets. The nanoemulsion formulation may
contain admixed constituents like surfactants, monomers, macromolecules, polymers
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Fig. 2 Diagram showing
different methods of
nanoemulsion formulation

Phase
Spontaneous inversion

emulsification temperature

Dynamic light
scattering

and/or many other drugs to change the droplets size [3]. The process of spontaneous
nanoemulsion formation usually starts with mixing both the oil and the surfactant at
slow rate and added to the water phase which led to rapid formation of nanoemulsion.
Then the formed emulsion is stirred for fifteen minutes then the emulsion properties
were measured viz. droplets’ size, the index of polydispersity and the concentration
of each droplet [3].

2. The phase inversion method

Herein the emulsion constituents are mixed from the beginning. Water and surfactant
are mixed together from the start then the oil phase is added gradually after that till
milky emulsion is formed. The temperature of this emulsion system was closely
checked and being under control in a heater and with stirring. The emulsion heat
gets slight rise by 10 °C and after that the formed mixture gets abruptly diluted with
H,0 with 3x the water volume used thus nano-emulsions are produced [3].

3. Dynamic light scattering

The Hydrodynamic diameters were determined through dynamic light scattering
with the help of a Malvern NanoZS instrument [3].
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3 Types of Nanoparticle Delivery Systems (Fig. 3)

1. Polymeric nanoparticles

Polymeric nanoparticles are usually referred to as nanocarriers composed of biocom-
patible and biodegradable polymers. They differ in their final form, according to their
method of preparation, being either nanocapsules or nanospheres. Nanospheres are
in the form of matrix with uniform drug distribution in the matrix system while in the
other system; the biomolecule is found in the most inner part and is coated with the
polymeric material. Different kinds of biomolecules can be loaded viz. low molec-
ular weight drugs, amino acids, proteins, plasmid and DNA. Different factors control
the drug delivery potential of this nanoparticles like size of the particles, surface to
charge scattering, and the solubility in water or oil phases of the nanoparticles [7].

2. Micelles

Micelles represent a type of nanocarriers where the lipophilic biomolecule is being
encapsulated and covered with a water loving polymer to facilitate its bioavailability

[7].
3. Chitosan and dextran sulfate

Chitosan and dextran sulfate can help in the encapsulation of many drugs to improve
their therapeutic characters. The naringenin-containing nanoparticles formed of
chitosan and dextran sulfate were spherically shaped and showed cytotoxicity when
tested for breast cancer using MTT assay after 24 h incubation thus this delivery
system was proved suitable for the encapsulation of lipid soluble molecules [7].

4. Lipid-based nanoparticles

—— Polymeric Nanoparticles

Micelles

Chitosan and dextran sulfate

Lipid-Based Nanoparticles

Nanosuspensions

Co-delivery systems

PR ES R

Fig. 3 Diagram showing different types of nanoparticle delivery systems
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Lipid nanoparticles are formed of lipids in either solid state only or in both solid and
liquid states. Free fatty acids, fatty alcohols, triglycerides, steroids, and waxes are
the types of lipids usually used for these nanoparticles in addition to phospholipids,
glycolipids, and sphingolipids. The main advantages of such lipid particles relies
on their biodegradability, biocompatibility, safety, solubility enhancement for the
carried drug and controlled drug release [7].

5. Nanosuspensions

This system is composed of the biomolecule/drug plus a stabilizer forming nanosus-
pension with particles size less than 1 pwm. These nanosuspensions may help in the
solubilization of drugs with low bioavailability and poor pharmacokinetics. Further-
more, such system can play a role in directed treatment and enhancing drug solubility
for IV administration of rutin instead of oral route [7].

6. Co-delivery systems

In many diseases and drug delivery experiments the need for a combination therapy
represents one of the popular therapeutic options. Naringenin-hesperetin nano disper-
sion was prepared with PVP by solvent evaporation method. Drug recrystallization
in the nanocarrier may weaken its physical stability in the delivery system while the
interaction between the drug molecules and the used polymer may help to enhance
the system stability. Upon using PVP polymer it helps in increasing the biomolecule
stability via hydrogen bonding interaction [7].

4 Benefits of Preparing Nano Emulsions from Plant
Extracts

Essential oils prepared from plants are usually utilized as potent natural antimicrobial
agents especially for food-borne pathogens such as bacteria and fungi [15]. Their
lipophilic nature hinders their proper distribution and bioavailability thus formulating
them inside a nanoemulsion may help overcoming this issue [30].

S Applications of Citrus Nano Emulsions

The idea of covering fruits and vegetables with edible coatings had gained much
interest as a natural, safe and effective way of postharvest preservation of such crops.

1. Applications in agriculture and food industry (Table 1)

An edible chitosan coat was used for the nanoencapsulation of Citrus essential oil
(92% d-limonene) in order to increase its safety and efficiency. The nano emulsion
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was produced by interaction between the chitosan functional groups and the essential
oil through hydrogen bonding and electrostatic interactions [38].

Pectin-based edible coating microemulsion and nano emulsion, containing orange
peel essential oil, were prepared using two essential oil concentrations (0.5 and 1.0%)
and used as coatings to enhance the quality characteristics of orange cuttings stored
at 4 °C for 17 days. The differences in pH and acidity in the treated samples were
significantly higher than the controls and pectin-coated slices. Higher antibacterial
and antifungal effects were observed in the nano emulsion-coated samples. The nano
emulsion formulations containing the orange essential oil significantly extended the
shelf-life for the orange slices compared to the pectin-coated and control groups [31].

Lemon essential oil was encapsulated using chitosan in order to decrease its
light and heat sensitivity in addition to oxidation risk. The encapsulated essential oil
nanoparticles showed an encapsulation efficiency of (85%). In vitro release studies
demonstrated that the resulted nanocapsules had a rough surface without the spherical
shape and with higher essential oil stability [16].

In order to preserve sweet orange (Citrus sinensis) juice from spoilage, the essen-
tial oil was obtained through cold press then was nano encapsulated in chitosan
nano emulsion to enhance its stability and organoleptic properties. The sweet orange
essential oil was analyzed through GC/MS, and 19 compounds were identified with
95% predominance of d-limonene and the encapsulated nano emulsion showed up
to 3 months stability and bactericidal activity against E. coli compared to the pure
essential oil [6].

The peel of orange (Citrus reticulate) usually gets removed as waste was used to
extract B-carotene. The resulting S-carotene pure compound was utilized to form a
stable nano emulsion using ultrasonic homogenizer with the purpose of using it as
a natural food colorant in food industry. The droplet size and surface charge of the
produced nano emulsion were 143.7 nm and —38.2 mV, respectively. The addition of
the produced nano emulsion to the citrus juice significantly enhanced the juice color
leading to an exemption of any other synthetic color. S-carotene formed as nano
emulsion led to improvement in its bio accessibility and retinol activity equivalent
(RAE) in the fruit juice. Analysis of the orange peel extract was done using UV—
Vis spectrophotometer and HPLC. The B-carotene and the total carotenoid content
extracted from Citrus reticulate peel were 23.57 and 27.61 pg/g, respectively [5].

A nano emulsion loaded with d-limonene (major essential oil component of lemon
and other citrus fruits) was prepared as a natural fungicide and insecticide for fungi
and pest associated with crops where it showed significant fungicidal and insecticidal
activities against Pyricularia oryzae, Rhizoctonia solani, Colletortrichum gloeospo-
riodes and Phomopsis amygdali. Here the nano emulsion helped in decreasing
the lipophilicity of d-limonene which usually limits its activity thus giving more
opportunity of combating fungi and insects attacking crops [12].

Trout fillets contains usually a number of significantly valuable unsaturated fatty
acids that are used as an indicator of its quality thus it is of great concern to preserve
them well in order to protect such fatty acids from oxidation. Nano emulsions
prepared from orange, grapefruit, mandarin, and lemon essential oils were tested as
potential antioxidant and antimicrobial agents in the rainbow trout fillets preservation
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when preserved at4 =+ 2 °C. The results showed that the fillets shelf life was recorded
to be 10 days (control group), 12 days when using tween 80, 14 days for orange/
lemon treated fillets and 16 days mandarin/grapefruit treated fillets. Nano emulsions
helped in removing the fishy odor and the overall physical properties and accept-
ability. The nano emulsions also reduced the biochemical characters and decreased
bacteria growth. The mandarin and grapefruit nano emulsion treated groups showed
the lowest bacterial counts [10].

In this current study, nano emulsion prepared from citrus peel volatile oils had
antioxidant effect on the fatty acid content of rainbow trout fillets under storage.
The fillets were preserved with the prepared nano emulsion and stored for sixteen
days. Samples of fats from the fish fillets showed that fatty acids were converted
to the esters of fatty acids, and they were analyzed by GC. The following fatty
acids (docosahexaenoic acid, stearic acid, vaccenic acid, oleic acid, eicosenoic acid,
linoleic acid, linolenic acid, eicosapentaenoic acid, palmitoleic acid and palmitic
acid) represented the main fats in the fish fillets. The treated groups showed higher
representation of both polyunsaturated and monounsaturated fatty acids while the
saturated fatty acids were lower in all groups compared to control. Thus adding
citrus nano emulsions to the fish fillets positively affected their goodness and helped
in preserving the contents of fatty acids from oxidation and deterioration upon storage
[36].

The proharvest quality of citrus fruits is usually affected by Penicillium italicum
which is a disease-causing fungus causing serious economic loss. A nano emulsion
was prepared from the eugenol essential oil together with limonin acting as added
antimicrobial component. The nano emulsion was performed through a high-pressure
microfluidizer and its antifungal effect against P. italicum was tested. The antifungal
activity measured by both the MIC values and the inhibition rate. The nano emulsion
showed an MIC value and inhibition rates of 160 wg/mL and 59.21%, respectively.
The nanoemulsion helped in protecting the citrus fruits by 29.2% after 5 days of
storage [20].

Different limonoid-type derivatives viz. the seven-membered lactam, oxime
esters, oxime ethers and halogenated derivatives of obacunone and limonin) were
produced using citrus waste. The idea behind the synthesis of such derivatives is
to develop stronger green insecticidal agents that can act as a replacement for the
pre-existing agents. A biocompatible nano emulsion was utilized to develop the
limonin-containing nanoemulsion, which showed significant insecticidal activity
against Tetranychus cinnabarinus, well known for being resistant to many used
insecticides [17].

The peel of Citrus paradisi (grapefruit) is filled with polyphenolics which have
many health benefits but unfortunately these polyphenolics have poor stability against
oxidation, light and temperature thus they have limited role in food industry. In this
study, the feasibility of nano-emulsion prepared from the phenolics of the grapefruit
peel in mustard oil was tested (the nanoemulsion was prepared through ultrasonica-
tion). Response surface methodology was used to test the nanoemulsion properties
where; the sonication time (9.5 min) and droplet size (29.73 + 1.62 nm) gave the
most stable nano-emulsion [27].
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Citrus sinensis peel essential oil was loaded into whey protein (WPI)-derived
nanofilm polymers in order to develop both emulsions and nano emulsions (2.5 and
5% of WPI). The formed emulsions were evaluated via Fourier transform IR spec-
troscopy, Electron Microscopy, X-ray and tensile analyses. The formed nanoemul-
sion showed pronounced antioxidant and antimicrobial effects outweighing those
of the emulsion alone without the essential oil. The developed nanoemulsion can
be used as food packaging films for preserving food products against oxidation and
microbes [2].

Mandarin (Citrus reticulata L.) essential oil is usually reported for being potent
antimicrobial agent. The essential oil of mandarin was loaded into chitosan nanopar-
ticles, and the characteristics of the nanoparticles, its antibacterial properties and
role in pork preservation was evaluated. The prepared nanoparticles showed potent
encapsulation efficiency (67-82%). The mechanism of action relied on the damage
of microbial cell membranes caused by the essential oil-chitosan nano emulsions.
The affected microbes were S. aureus and E. coli, which led to the change of bacterial
cell morphology [34].

The use of nano emulsion technology was mainly to allow for the forma-
tion of natural fruit resistance against pathogens that act on citrus fruits
after harvest (postharvest infection). A combination of different essential oils,
prepared as nano emulsions, (cinnamaldehyde, carvacrol and eugenol nano-
emulsion) were used to help ‘Newhall’ navel orange (Citrus sinensis) to resist
against P. digitatumin infection. The prepared nano emulsions induced protec-
tion via decreasing the deposition of H,O, and MDA in this citrus fruit,
elevating PAL, C4H, 4CL and CAD activity and thus leading to elevated
percentage of polyphenolic components. Different sets of genes were either
up regulated or down regulated in the fruits treated with the nano emulsion.
Genes encoding shikimate O-hydroxycinnamoyltransferase (HCT), caffeoyl-CoA O-
methyltransferase (CCoAOMT), caffeic acid 3-O-methyltransferase/acetylserotonin
O-methyltransferase (COMT), cinnamyl-alcohol dehydrogenase (CAD) and perox-
idase (POD) were examples of such genes that were affected by the nano emul-
sion. A number of newly identified ?ry metabolites were traced from the nano
emulsion-treated fruits versus the untreated ones. The identified compounds were
175 compounds belonging to the phenylpropanoid pathway and are related to infec-
tion resistance. The identified compounds included coniferaldehyde, caffeic acid,
coniferyl alcohol, L-phenylalanine and caffeoyl quinic acid. On the other side, many
Ity metabolites gets accumulated in the treated fruits as well viz. amino acids, sugars,
organic acids, lipids and alcohols [39].

Lemon essential oil was formulated into nano emulsion in order to enhance its
bioavailability. The physicochemical characterization and antioxidant activities were
evaluated. The lemon essential oil based nano emulsion showed moderate antioxidant
activity thus providing a good scientific theory for the industrial applications [22].

2. Applications in medicine (Table 1)

5-Demethyltangeretin (5DT) represents a unique citrus flavonoid with potent anti-
cancer activity, but unfortunately it has low solubility in water and poor bioavailability
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which affects its use as a drug. Emulsion-based delivery systems were adopted to
enhance the bioavailability of SDT and its uptake by intestinal cancer cells. The
amount of 5DT absorbed by intestinal cancer cells was quantified by HPLC using
an electrochemistry detector. A cytotoxicity assay showed that 5DT nanoemulsion
showed potent cancer cells growth inhibition compared to the same drug with larger
droplets [33, 42, 43].

In order to increase the bioavailability of rutin and to enhance its solubility and
absorption, different nano emulsions containing rutin were prepared through aqueous
titration method. The prepared nano emulsions were tested for surface morphology,
droplet size, in vitro release profile and zeta potential thus the formulations were
adjusted. Their cytotoxic activities were evaluated through MTT assay and antiox-
idant potential using human prostate cancer cell line. The results showed that the
rutin nano emulsions showed (ICsy 11.8 wM) against the cancer cells. The prepared
nano emulsion showed potent cytotoxic activity against prostate cancer cell line [1].

A nano emulsion was prepared from the essential oil of Citrus medica L. var.
sarcodactylis through spontaneous emulsification method. This nano emulsion was
rich with d-limonene (50% of the essential oil) then it was tested for its antioxidant
and antimicrobial activities using different radical scavenging assays and the pour
plate method where the prepared nano emulsion showed superior activities (up to
twofold) compared to the pure essential oil in all assays with nearly 60% radical
scavenging activity of the nano emulsion formulation compared to 26% for the pure
oil and the inhibition rate of pure essential oil against S. aureus was 40% while
the nano emulsion was 80% while at 0.48 mg/mL, the inhibition rate of the nano
emulsion was 100% with MIC 0.48 mg/mL [24].

Nanoemulsion-based delivery systems for different Citrus essential oils (lemon
and bergamot) against the spore-forming fungus (Aspergillus niger) was evaluated.
The inhibition of mycelial radial growth and spore germination were used as indi-
cators of antifungal activity of the nanoemulsions, which were prepared at 3 wt%
essential oil, using Tween 80 or whey protein isolate (1 wt%) as emulsifiers, and
sunflower oil (1 wt%) as ripening inhibitor. The nanoemulsions were physically
stable over seven days of accelerated aging at 35 °C. The MIC of free cinnamon
leaf and of both citrus essential oils were 0.35 and 5.50 pg/g, respectively. The
encapsulation in nanoemulsions generally decreased the antifungal activity, likely
because of the nanoemulsion acting as a hydrophobic sink for the main constituents
of citrus essential oils. The emulsifier played a fundamental role in the resulting anti-
fungal activity, with WPI-based nanoemulsions being more effective in inhibiting
the mycelial growth and the spore germination of A. niger than T80-based ones.
The antifungal action was correlated to the morphological alterations observed in A.
niger, such as the loss of cytoplasm in fungal hyphae and hyphal tip [32].

In this study, Citrus medica L. var. sarcodactylis also known as finger citron was
loaded into nanoemulsion using a mixture of cremophor EL/1, 2-propanediol (1:1 m/
m), cremophor EL/glycerol (1:1 m/m), tween 80/ethanol (3:2 m/m), tween 80/PEG-
400 (3:2 m/m) and tween 80/1, 2-propanediol (3:1 m/m) together as surfactants in
order to ensure the nanoemulsion stability. The developed nanoemulsion showed
strong antibacterial activities against E. coli, B. subtilis and S. aureus and weak
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antifungal activity against A. niger and P. citrinum through MIC (0.31-0.63 nwL/
mL), MBC (0.31-1.25 pL/mL) and mycelial growth assays (3.6-27.8%) compared
to the pure essential oil [21].

Food-borne microbes usually cause huge economic and health effects leading
to financial losses affecting human health through food poisoning. The effect of
the lemon essential oil (10 and 100% concentrations) versus its nanoemulsion
on food-borne pathogens (Staphylococcus aureus, Klebsiella pneumoniae, Entero-
coccus faecalis and Salmonella paratyphi A) was evaluated. The lemon essential
oil was rich with limonene (52%), p-cymene (14%) and S-pinene (13%). The oil
nanoemulsion showed higher activity on food-borne bacteria except K. pneumoniae
compared to lemon essential oil (100% concentration) while the 10% concentration
presented the highest inhibition effect on S. paratyphi A thus the nano emulsification
significantly enhanced the bactericidal activity of lemon essential oil against food-
borne pathogens [41]. This research on the nano emulsion of Citrus sinensis targeted
such food-borne bacteria viz. Salmonella typhi and Listeria monocytogenes. The
essential oil of this sweet orange and sodium alginate were prepared together as an
edible coating for tomatoes preservation over 15 days storage period. The tomatoes
firmness increased up to 33% and showed threefold less weight loss compared to the
uncoated ones [9].

Citrus aurantium L. bloom essential oil nano emulsion was tested for its potential
cytotoxic and apoptotic activity on human lung (A549 cells) followed by in vivo
activity testing on mice health parameters. The essential oil sample showed the
presence of linalyl acetate, limonene and «-terpineol as the main components. The
prepared nano emulsion presented cytotoxic activity against A549 cells with ICs
152 pg/mL. The mechanism of action depends on overexpression of Cas-3 and thus
leading to apoptotic cells death. The mice were given the nano emulsion at a dosage
of 10 and 20 mg/kg body weight for 30 days and they showed no histopatholog-
ical alteration in the liver and kidney while exhibited enhancement in the jejunum
morpho-structural architecture and hepatic antioxidant redox potential. The prepared
nano emulsion showed promising alternative to prevent lung cancer progression and
it provides a new way to enhance the therapeutic value of the plant phytochemicals
[26].

This current research compared the antimicrobial activity of the grapefruit peel
essential oil and its nano emulsion. The essential oil was tested using GC/MS
where d-limonene represented 80% of the oil then its antibacterial activity against
Staphylococcus aureus, Enterococcus faecalis, Klebsiella pneumonia and Salmonella
paratyphi A as food-borne bacteria was evaluated using disc diffusion method and
compared to its nano emulsion activity. Both the pure essential oil and its nano emul-
sion showed bacteriostatic activity however the activity of the nano emulsion was
more powerful [28].

Finger citron essential oil is highly utilized in pharmaceutical and food industries.
This citrus essential oil was encapsulated in a nano emulsion formulation to overcome
its insolubility and instability and prolong its digestion in the colon. The effects of the
developed nano emulsion on human gut microbiota were evaluated herein through
in vitro fermentation. The use of low dosage of this nano emulsion significantly
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increased the production of acetate, CO, and H; as end products in basal medium
containing starch as sole carbon source, while the high concentration of the nano
emulsion significantly inhibited the gas production. Moreover, the nano emulsion
enhanced the degradation of starch and modified gut microbiota community after
24 h anaerobic incubation thus nourished the growth of Lactobacillus, Lactococcus
and the other probiotic bacteria, while suppressing the pathogenic Bilophila bacteria
[23].

3. Applications in cosmetics (Table 1)

Hesperidin is a type of flavonoid isolated from orange (Citrus sinensis). Hesperidin
is a well-known nutraceutical based on its antioxidant, chelating, and anti-ageing
properties. In this study, hesperidin was evaluated as a therapeutic agent against
dark eye circles. Besides its best formulation method was examined. The formed
nano emulsions were formulated into a cream suitable for tropical climate. The
resulting cream formulation was evaluated in vitro on artificial skin from cultured
cells. The results showed that one of the nanonized hesperidin formulations was the
most skin-friendly and might be used in cosmetics [35].

6 Conclusion and Future Prospects

In conclusion, many techniques, including spontaneous emulsification, phase inver-
sion temperature, and dynamic light scattering, have been used to successfully
prepare citrus nanoemulsions. There are various advantages to making nanoemul-
sions from plant extracts, particularly citrus fruit extracts. Improved bioavailability,
increased solubility, and tailored delivery of active substances to certain locations
inside the body are a few of these. Citrus nano emulsions have been used in a variety
of fields, including food, medicine, cosmetics, and agriculture. Citrus nano emul-
sions have been demonstrated to enhance crop growth, productivity, and quality in
agriculture. They have been utilised as natural preservatives, flavour enhancers, and
colouring agents in the food sector. Citrus nano emulsions have showed promise
in the treatment of a number of ailments and as drug delivery methods. They have
been incorporated in cosmetics as all-natural moisturisers, antioxidants, and anti-
aging agents. The prospects for citrus nano emulsions in the future are bright. Their
potential uses and advantages will become more obvious with more research. Tech-
nology developments will also make it possible to prepare and transport substances
in more effective and affordable ways, expanding the use of citrus nano emulsions
for a variety of purposes. Overall, the application of citrus nano emulsions provides
a promising new direction for innovation across numerous industries.
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Abstract Nanoemulsions are kinetically stable colloidal particle systems with an
average droplet size range from 100 to 500 nm. Nanoemulsions are prepared by using
different techniques using discontinuous phases from various seed oil with different
types of emulsifiers and continuous phases. Of these different formulation tech-
niques, the ultrasonication technique was the most frequent technique. The synthe-
sized nanoemulsions can be characterized by using various parameters like droplet
size, poly dispersive index, percentage transmittance, microscopic structure, refrac-
tive index, viscosity, zeta potential, and pH value. Nanoemulsions have excessive
potential applications in pharmaceutics, foods, cosmetics, and biological activities
such as antibacterial, and insecticidal due to their beautiful properties, such as small
sizes, high surface area per unit volume, enhanced dispersion of active lipophilic
components, and improved absorption. Thus it was observed that nanoemulsion
proved itself as a promising alternative for improving the bioavailability of the drug.
This chapter aims to give an overview of the nanoemulsions synthesis from seed oil,
characterization, and their applications.
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1 Introduction

Nanoemulsions are correspondingly recognized as mini emulsions, submicron emul-
sions, ultrafine emulsions and colloidal particulate systems. The typical droplet size
range of nanoemulsions are from 1 to 1000 nm [1]. Regularly, the typical droplet
diameter is between 100 and 500 nm, and the timely typical droplet size range
of nanoemulsions is between 50 and 1000 nm. Commercial nanoemulsions typical
droplet size range is from 0.2 to 100 wm. From this nanoemulsion particles can
occur as oil-in-water (O/W) and water-in oil (W/O) forms, from the main particle
is either oil or water, correspondingly [2]. In recent time nanoemulsion are catego-
rize into three these are O/W, W/O which differ by core particles dispersed in the
aqueous phase and bi-continuous (microdomains of water and oil are interspersed
within the system). These three categories can be achieved for transformation by
varying the components of the nanoemulsions. Both oil-in-water and water-in-oil
nanoemulsions are other types of particles of nanoemulsions that present at the same
time in one system in multiple emulsions. Nanoemulsions are considered kineti-
cally stable particle sizes with 100 nm of one liquid phase dispersed in another
immiscible phase [3, 4]. The dispersed phase of nanoemulsion can be stabilized
by decreasing the surface tension between the two immiscible liquids by using an
appropriate surfactant and co-surfactant as an interfacial film to form a particular
phase. Emulsifying agents with varied features (non-ionic or ionic) had been used
for nanoemulsions. Among them which widely used were sorbitan esters, polysor-
bates from nonionic surfactants, polymers (Spans and Tweens) and ionic surfac-
tants (potassium laurate, sodium lauryl sulphate, sodium dioctyl sulfosuccinate and
tragacanthins), cationic surfactants (quaternary ammonium halide) and zwitterions
surfactants [5, 6]. Nanoemulsions have a good transparent appearance, high surface
area, excellent stability, and tunable rheology are the characteristic properties of
nanoemulsion, based on the above excellent properties of nanoemulsions, they are
real alternatives for cosmetic, food, and pharmaceutical industries, and drug delivery
applications [7]. When nanoemulsions are not stable droplets are floating on the
surface, cohesion between droplets, and lastly creaming and separation. To avoid
colloidal suspension the droplet’s diameter needs to be greater than 0.1 pm.
Nanoemulsions are used for the capability to integrate together with lipophilic and
hydrophilic drugs solubilization; improved bioavailability for many drugs; improved
the degree of absorption; minimized inconsistency in absorption; defense from oxida-
tion and hydrolysis in oil-in-water nanoemulsions; as non-toxic and non-irritant vehi-
cles for skin and mucous membrane delivery and release control through permeation
of drug through the liquid film [8]. Generally, nanoemulsion is preferable to micro-
emulsion due to; is prepared using lower concentration surfactant, containing from
3 to 10% can be enough [9]. The aim of this chapter is to provide updated infor-
mation on the formulation, and characterization of nanoemulsion by using different
techniques and applications of nanoemulsion in different industries and fields.
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2 Synthesis and Characterization of Nanoemulsions

Synthesis of nanoemulsions has extreme potential applications in pharmaceutics,
foods, cosmetics, and biological activities such as antibacterial, and insecticidal due
to their attractive properties, such as small sizes, and high surface area per unit
volume. Therefore, nanoemulsions can be formulated via two wide methods these
are low energy techniques and high-energy techniques [3, 4]. High-energy methods
of nanoemulsion synthesis use a lot of energy (~108 W/kg) to break down huge
droplets to 100 nm in size [3, 4]. High energy techniques suggest a robust method
to formulate nanoemulsions with dispersed phase volume fraction as high as 40%
with brute force technique [10]. Nevertheless, a lot of shear makes them incompe-
tent and exposed to heat effects. Examples of high-energy techniques of nanoemul-
sion synthesis are high-pressure homogenizers, microfluidizer, and ultrasonication.
on the other hand, low energy techniques of nanoemulsion synthesis feat the low
interfacial tension property of a system to decrease particle size with energy input
that can be attained by a magnetic stirrer (~103 W/kg), and nanoemulsions can
deliver an easy and scalable route to without the use of excessive shear. High speed
homogenizer, spontaneous emulsification, phase inversion temperature and phase
inversion composition are examples of low energy emulsification. Oil (for solubi-
lization of the lipophilic molecules), water, surfactant, and co-surfactant (improve
the act of surfactant) are the key components for the formulation of nanoemul-
sions. According to Solans et al. [11] study, various methods have been realized to
formulate nanoemulsion droplet diameter from 100 to 600 nm, which is suitable
range for the majority of applications. Commonly, water-in-oil nanoemulsions are
synthesis by using low hydrophilic-lipophilic balance (HLB) mainly from 3 to 8
HLB range of surfactants whereas, oil-in-water nanoemulsions are formulated by
using high hydrophilic-lipophilic balance particularly between 8 and 18 HLB range
of surfactants.

According to Moksha et al. [12] scholarship nanoemulsions were prepared by
ultrasonication technique by using 80 mg (5% v/v) of coconut oil and span 80 (0.5% v/
v) was placed in a beaker and stirred continuously to mix the solution. The subsequent
solution was added into the aqueous phase which 5% v/v of ethanol as co-solvent
and 5 present tween 80 as an emulsifier with constant stirring at 3000 r/m for 3 min.
After formulation of the nanoemulsion, various physicochemical parameters of the
nanoemulsion were optimized such as particle size, poly-dispersive index, percentage
transmittance, morphology, zeta potential, solubility examination, and viscosity.

Moksha et al. [12] study shows that the poly-dispersive index and typical particle
size of formulated nanoemulsion were measured by means of photon correlation
spectroscopy method using particle size analyzer at room temperature by using tween
80 and span 80 as surfactants and the result was found to be 79.0 & 5.7, and 0.220
=4 0.05 nm respectively. Absorption of formulated nanoemulsion was improved may
be attributed in terms of a large specific area due to the small particle size of the
droplet. The other property is zeta potential which is an indication of electrostatically
stabilized nanoemulsion. When the zeta potential value is higher the suspension is
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to be stable as the charged particles repel each other and this potency overcomes the
natural tendency to aggregate. From this zeta potential value of this study was found
—15.54 &£ 0.21 mV, due to the negative charge value of zeta potential artemether
nanoemulsions indicating the presence of the anionic groups of the fatty acids and
glycols in the surfactant and co-surfactant. Thus, there are negligible probabilities
of aggregation of nanoemulsion in the biological environment during its shelf life.

A digital refractometer was used to characterize the refractive index value of
the nanoemulsion sample by putting a few spots of formulation nanoemulsion on
the transparency of refractometer at 25 °C [13]. The optimized nanoemulsion of
refractive index value was 1.320 £ 0.05, from this there is no significant differ-
ence (P £ 0.05) value of nanoemulsion, which was a symptom of the isotropic
nature of nanoemulsion. The optimized percentage transmittance value of artemether
nanoemulsion was found to be 98.20 £ 0.7% that nearer to 100% and shows that the
formulation nanoemulsion was pure and clear. TEM images of particles in formu-
lated nanoemulsion were detected as uniformly distributed, and spherical in shape
with droplet diameter less than 100 nm [12].

Grounded on Kumar et al. [1] reported that nanoemulsion were synthesized by
ultrasound-assisted method from sesame oil using Tween 20 surfactant with variable
concentrations of oil and surfactant such as 1:1, 1:1.5, 1:2, 1:3, 1:4 and 1:5, and
30 mL of deionized water was added drop-wise in the internal phase combination to
get nanoemulsion. Then the mixture of emulsion was stirred by a magnetic stirrer
for 10 min at 540 r/m to get constant droplet distribution. The nanoemulsions were
sonicated by ultrasonicator with 20 kHz frequency for 10, 20, 30 min respectively
for individual composition. The typical particle size and PSD of nanoemulsion were
characterized by using the dynamic light scattering instrument. Dynamic light scat-
tering technique was used to measure the suspension of particles size distribution
from 3 nm to 5 wm and the profile was detected as a single and narrow peak as it is
mono-dispersed [14]. DLS data is detected as the plot of concentration and average
droplet size [15]. For determining the average particle size accurately by DLS tech-
nique the samples should be translucent and diluted. The examination was done at
25.1 °C with 173° scattering angle. From this study, the best average droplet size
range was 189.5 nm achieved at the composition of 1:3 oil to surfactant concentration.
Extremely different droplet size is the result of high polydisperse emulsion. Higher
stability is obtained on the lower poly-dispersive index. For sample 1:3, the poly-
dispersive index was found to be the lowest at 0.514, followed by a poly-dispersive
index of 0.555 for sample 1:2 oil to surfactant ratio. The value of zeta potential for
1:4, 1:3, and 1:2 showed high values, such as —23.4, —19.5 and —18.6 respectively
and showed their stability. Stability test can be performed by centrifugation of the
composition at 3000 rpm for 10 min and can select better stability compositions over
the others (Fig. 1) [1].

Wang et al. [16] scholarship described that nanoemulsions were formulated by
using dynamic high-pressure micro fluidization methods at diverse circumstances at
0-140 Mpa by using 0.03-0.18 mg/mL emulsifier with Eucommia ulmoides seed oil
as aqueous phase solution. Tween 80/ethanol (2:1 v/v) and the from 2 to 12% volume
fraction of Eucommia ulmoides seed oil were mixed at various proportions and stirred
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Fig. 1 Graph of average droplet size with variable composition (v/v) [1]

at 700 r/m magnetically for 10 min. Then the definite volume of distilled water was
added dropwise, and the combination was, treated by ultraturrax at 10,000 rpm
for 2 min. Consequently, the formulated crude emulsion was passed to prepare
Eucommia ulmoides seed oil nanoemulsion. Rheology is the branch of physics that
lessons how materials deform or flow in response to applied forces or stresses. The
rheological properties of nanoemulsions are affected by the number density of the
droplets, surfactants and shape, and interactions between the constituent droplets
(Fig. 2) [17].
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Fig. 2 Effect of droplet size and zeta-potential of nanoemulsion on dynamic high-pressure
microfluidization method [16]
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According to Vijayalakshmi et al. [18] nanoemulsion was synthesized using basil
oil (Ocimum basilicum), Tween 80 and water through an ultrasonication technique
that emulsified for 15 min. Stable basil oil nanoemulsion of average particle size
from different concentrations was 29.3 nm droplet diameter. Based on this study the
best particle charge value of the synthesized nanoemulsion was 3.70 & 0.41 mV on
the composition of 1:3 ratio and the native pH value of the nanoemulsion was 5.53
(Figs. 3 and 4).

According to Jeonghee et al. [19] report typical particle size can be minimized
from 237 to 101 nm when the surfactant-to-oil combination was rise from 0.75 to
2. The poly-dispersive index decreased from 0.41 to 0.14 when the surfactant to oil
proportion was a rise from 0.75 to 1.5, and then rise to 0.19 when the surfactant to
oil was increased further to 2. Average droplet size is also based on the volume of
surfactant, when the surfactant to oil ratio is equal to 0.75 the nanoemulsions had
bimodal distributions.

Grounded on Priani et al. [20] nanoemulsion can also formulated by using ultra-
sonic bath. This nanoemulsion could be synthesized by the combination of Nigella
sativa seed oil, co-surfactant (polyethylene glycol (PEG400)) and surfactant with
diverse combination of oil and surfactant for self- nanoemulsifying drug delivery
system. After mixing the component for few minutes, the mixture was homogenized
at 40 °C for 5 min. After homogenization, the mixture was sonicated in bath soni-
cator for 15 min. The particle size of self- nano emulsifying drug delivery system
containing Nigella sativa seed oil was 65.4 nm. The systems with an average droplet
size below 100 nm achieve the standards of self- nano emulsifying drug delivery
systems. The polydispersibility index (PDI) of Nigella sativa seed oil shows particle
homogeneity (0-1).

Qushawy et al. [21] reported that nanoemulsion was formulated by using high
pressure homogenization technique through the different compositions of Hemp seed
(Cannabis sativa) oil, Tween 80 surfactant, Propylene Glycol and water. The droplet
size range of nanoemulsion from hemp seed oil was observed from 80.7 &£ 3.96 to
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Fig. 3 Particle size of Ocimum basilicum oil nanoemulsion by volume [18]
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Fig. 4 TEM of Ocimum basilicum oil nanoemulsion with 1:3 (v/v) proportion of surfactant and oil
[18]

140.9 £ 5.62 nm, polydispersity index of hemp seed oil nanoemulsions between
0.249 £ 0.06 and 0.493 £ 0.02 this result demonstrating a narrow size distribution
and particle size of nanoemulsion was homogenous, zeta potential of all hemp seed
oil nanoemulsions between —10.32 4= 1.35 and —21.94 &= 1.13 mV, this investigation
was established that concentration of Tween 80 increased the value of zeta potential
or the surface charge also increased. Minor particle size and greater surface area of
oil droplets can be obtained by means of increasing Tween 80 concentration. pH
value of hemp seed oil nanoemulsions was determined with a pH meter, and the
value was between 5.76 &+ 0.32 and 6.57 £ 0.41 pH, just like zeta potential value
the pH value of nanoemulsion was enhanced with increasing concentration of Tween
80, from this opinion better stability of nanoemulsion could be obtained from better
concentrations of surfactant. The viscosity of the prepared nanoemulsion formulation
ranged from hemp seed oil between 3.16 = 0.28 and 8.35 £ 0.34 cP. Lower viscosity
was connected viscosity which may be attributed to higher surfactant. The electrical
conductivity of the formulated nanoemulsion was between 170.93 £ 5.79 and 212.35
+ 8.46 mS/cm. TEM image of hemp seed oil nanoemulsions the best composition
formulation indicates good distribution with spherical appearance and, small particle
size in the nano range (Fig. 5) [21].

Based on McClements, (2010) report nanoemulsion could be synthesized by emul-
sion inversion point. Emulsion inversion point was formulated through water-in-oil
to oil-in-water or vice versa. As its name indicates, by addition of oil or water into
the water continuous phase or oil continuous phase respectively, during this time
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Fig. 5 The TEM image of greatest combination nanoemulsion preparation from hemp seed oil [21]

transition between distributed phases and continuous might be attained. When the
addition of dispersed liquid phase reaches a critical point, the inversion mecha-
nism occurs automatically. The emulsion inversion point could affect by surfactant-
to-phase relation and degree of the distributed phase addition to the continuous
phase.

McClements, 2010 reported that nanoemulsion can be emulsified by spontaneous
emulsification. Spontaneous emulsification (SE) was a more suitable technique and
formulated oil-in-water emulsion systems with surfactant and oil were mixed together
with the help of a stirrer and then oil was dropped into the water phase. Physical and
chemical properties of surfactant, type of fluids used, their solubility, degree of stir-
ring, and surface to oil ratio (SOR) are features that disturb particle size and emulsions
stability. The mechanism of SE technique system was examined on dispersed and
continuous phases are established together as a distinctive phase. Whereas mixing
was continued, surfactant used could pass over the water phase so that it can act
as a bridge between water and oil with the help of turbulent strength. Addition-
ally, the dispersed phase start to deport itself from the water phase. This motion
can generate an enormous interfacial area between two phases. Then appropriately
dispersed droplets are organized within a continuous phase spontaneously.

Niharika et al. [22] reported that nanoemulsion can also be formulated by low
energy approach particularly spontaneous emulsification method by using pea protein
and Tween 80 for vitamin D delivery application. The preparation procedure was
1 mg/mL of vitamin D in canola oil dissolved with Tween 80 primarily as organic
phase. Then the solution was gradually titrated into distilled water with constant stir-
ring 800 r/m on magnetic stirrer at ambient temperature [22]. Variable SOR equal to
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1.0, 3.0, 9.0 were adjusted and permitted to stir for 60 min followed by the addition of
pea protein into the pre-formulated emulsions synthesized by 1:1 (v/v) SOR composi-
tion under constant mixing for 60 min to formulate the pea protein-Tween 80 complex
nanoemulsion. To optimize concentration for emulsion production diverse SOR ratio
equal to 1 with 3% w/v Tween 80 consequence was detected. After formulation of
nanoemulsion average particle size and zeta-potential of the nanoemulsions were
characterized by using dynamic light scattering at ambient temperature. Nanoemul-
sions were thinned by 1 mg/mL using double distilled water before analysis to avoid
multiple scattering. From this as shown in Fig. 6, numerous surfactant molecules
were presented to cover oil droplets at a surfactant to oil ratio of 8, and resulted in a
minor nanoemulsion droplets size of 18.1 4= 0.7 nm. A surfactant-to-oil ratio of 1 for
the formulation of emulsion also resulted in a relatively stable droplet size of 134.8
+ 2.2 nm.

3 Application of Nanoemulsion from Seed Oil

3.1 In Biotechnology

Nanoemulsions are applicable in biotechnology which have hydrophobic in nature,
including dehydrogenases, oxidases, lipases, and esterases frequently purpose in the
cells in micro-environments. From these numerous enzymes activate regularly stabi-
lized by polar hydrophilic lipids and other natural amphiboles in biological systems.
Nanoemulsions have been used as enzymatic catalysis for a variety of reactions, such
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as the synthesis of esters, peptides and sugar acetals transesterification, and steroid
transformation, from these lipases are the most usually used class of enzymes [23].

3.2 Antimicrobial Activity

Nanoemulsion as antimicrobial activity is a novel and hopeful revolution because
particles of nanoemulsions are thermodynamically motivated to fuse through lipid-
containing organisms. From this fusion is improved through the electrostatic attrac-
tion between the positive charge of the emulsion and the negative charge of the
pathogen. The energy released from both active constituent is destabilize the pathogen
lipid membrane, consequential in cell lysis and death The nanoemulsion has a wide
range action defined bacteria (for example E. coli, Salmonella, S. aureus), enveloped
viruses (for example HIV, Herpes simplex), fungi (for example Candida, Dermato-
phytes), and spores (for example anthrax). The application of nanoemulsion to
examine as an antimicrobial agent was encouraged through the recognized diffi-
culty of growth of antimicrobial-resistant strains practiced with the use of present
agents due to the prevalent, and occasionally unsuitable use of antibiotics, disinfec-
tants and antiseptics. Additional research and progress of new antimicrobial agents
targeting exact pathogens at the same time as being safe for the host. Since the mech-
anism of action of nanoemulsion seems to be nonspecific disruption of bacterial cell
membranes, nanoemulsion would not consequence in the development of resistant
strains. Nanoemulsion as an antimicrobial agent is a promising and new revolu-
tion. Karthikeyan et al. [24] showed that soybeans oil with cetylpyridinium chloride
nanoemulsion was effective in antimicrobial activity of nanoemulsion which was
greater than that of its component on cariogenic planktonic and biofilm organisms
and showed 83% inhibition on S. mutans and L. casei micro-organisms. Formu-
lated nanoemulsion from basil oil (Ocimum basilicum) using Tween80 surfactant
and water through ultrasonic emulsification technique was assessed for antibacterial
activity against Escherichia coli through kinetics of killing experimentation [18].

3.3 Drug Delivery Activity

Nanoemulsions have been used in furthermost topical, visual, intravenous, and oral
drug delivery. Artemether nanoemulsion was better drug loading capacity of the
nanoemulsion that exhibited a drug content of 98.42 £ 0.87%. Nanoemulsion was
used for lipophilic nature of drug to solvate water, zeta potential and rheology to
synthesize aqueous solutions that can be simply distributed to patients. It is also
used as a vehicle barrier against the management of drugs via the skin. Generally,
formulations nanoemulsions are regularly applicable to manage drugs to improve the
solubility of nonpolar compounds, pharmacokinetic profile and minimize adversative
effects practiced through patients. Emulsions can be managed by patients through
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numerous directions that would be briefly familiarized as showed on the figure below.
Generally, submicron size of nanoemulsion can be purely targeted to the tumor area
(Fig. 7).

3.4 In Cosmetics

Nanoemulsion is applicable as means of transportation for measured delivery on the
skin. For example, nanoemulsion formulation as kemira nanogel-based carrier system
is applicable for cosmetic purposes which improve skin construction and diffusion of
API. Nanoemulsion also delivers good skin feel [26]. Topical management itself has
several benefits and by joining it with nanoemulsion, this formulation may impart a
better way of drug delivery system. It can avoid the hepatic first-pass metabolism of
the drug and related toxicity effects [27].

3.5 In Food Industry

Nanoemulsions have a broad range of applications due to their flexibility in several
fields including beverage and food industries. Due to their small size, thermody-
namic stability, transparency and optically transparent properties, nanoemulsion
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have been used as fortified soft drinks and water in food processing. Nanoemul-
sions can be formulated gel-like with very low particle concentrations, which can
be simply applied to make low fats and novel texture products [15]. Nanoemul-
sions can improve the shelf-life time of industrial products due to the stability of
particle aggregation and gravitational separation. Nanoemulsions could be solubi-
lize lipophilic constituents, to encapsulate constituents into smaller size droplets,
which was comparison to conventional emulsions [28]. As an innovative carrier of
active ingredient, nanoemulsion has solved the difficulties of poor water solubility,
easy oxidation and trouble of oil-soluble functional constituent absorption, and has
attracted widespread attention in the field of food and medicine.

4 Conclusion and Future Perspectives

It has been demonstrated that synthesizing nanoemulsions from seed oil is a
promising method for enhancing the solubility and bioavailability of lipophilic
substances. Stable nanoemulsions with small droplet sizes and narrow size distribu-
tions have been created using a variety of techniques, such as high-pressure homog-
enization and ultrasound-assisted emulsification. Furthermore, these nanoemulsions
have been characterized to learn more about their characteristics and stability utilizing
methods like dynamic light scattering, transmission electron microscopy, and rheo-
logical analysis. The uses of seed oil-based nanoemulsions in a variety of industries,
including food, cosmetics, and medicines, have also been investigated. Nanoemul-
sions have been utilized in the food sector to enhance the sensory qualities and
shelf life of food goods. They have been utilized in cosmetics as carriers for active
compounds and to enhance the skin absorption of these substances. Nanoemulsions
have demonstrated potential in the pharmaceutical industry as drug-delivery devices
for improving the solubility and bioavailability of medicines that are not readily
soluble.

To fully utilize the potential of seed oil-based nanoemulsions, numerous obstacles
still need to be overcome. To address the environmental issues related to the use of
synthetic surfactants, it is important to investigate the use of natural and biodegrad-
able surfactants and co-surfactants in addition to optimizing the formulation and
processing parameters. Furthermore, the safety and toxicity of these nanoemulsions
need to be thoroughly evaluated to ensure their potential use in various applications.
In general, the creation of nanoemulsions from seed oil is a promising area of study
with potential uses in many different industries. Unquestionably, further study in this
field will result in the creation of cutting-edge, revolutionary nanoemulsion-based
goods with enhanced functions.
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Role of Green Nanoemulsion )
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Bidhi Kundu, Akanksha Shakya, Rakesh Kumar Bachheti,

and Archana Bachheti

Abstract The prevalence of outbreaks of food borne diseases is the main problem on
a global scale. There is rising interest in using natural resources rather than synthetic
ones because of health concerns. Green nanotechnology is regarded as a cutting-edge
strategy that uses nano products to reduce threats to human health and the environ-
ment. Also, this technique uses eco-friendly, biocompatible, and nontoxic materials.
Micro and nanoemulsions are among the numerous types of nanosystems that hold
promise as eco-friendly techniques to increase the bioavailability of bioactive chem-
icals with low stability and poor solubility. Technological barriers to the creation of
functional foods include the limited solubility and stability of bioactive chemicals and
their sensitivity to heat processing during food preparation and oxidative destruction
during storage. Nanoemulsions have been used in the food sector for the controlled
release of antibacterial, flavouring, and nutraceutical ingredients. By incorporating
bioactive ingredients with antimicrobial properties into nanoemulsions, it may be
possible to stop the spread of disease and food-spoilage bacteria. The aim of this
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chapter is to give an overview of the role of green nanoemulsions in controlling food
spoilage and their application in food preservation.

Keywords Nanoemulsion - Food preservation + Food safety - Pesticide *
Agriculture

1 Introduction

One of the leading public health concerns today is the safety of the world’s food
supply. Most food items, including bread, dairy, meat, fruits, and vegetables, are
currently highly polluted owing to the presence of several toxic species of bacteria
and fungus and the toxins they produce, which can cause severe disease and even
death in humans. As aresult, people are seeking food items that are safe, high quality,
and healthful. Moreover, in tropical and subtropical locations, food contamination
by different bacteria and their toxic metabolites can change the nutritional value
of the food in addition to degrading it [35]. Because of this, significant focus has
been placed on enhancing the quality, safety, and security of food systems against
microbial deterioration and the toxins that go along with it.

According to many studies, certain bacterial infections [23] and other fungal
pathogens cause food deterioration by converting food into toxic by-products known
as mycotoxins, which are bad for human health [40]. Several synthetic preservatives
have been widely used to suppress bacterial and fungal development. Neverthe-
less, the indiscriminate use of these preservatives may have various adverse effects,
including developing microbial resistance, toxicity to non-target species, and loss
of environmental sustainability. Thus, modern customers seek “safer alternatives”
with a green image and perhaps nontoxic effects on people and animals to assure
microbiological food safety [16].

Specifically in the cosmetics, pharmaceutical, agricultural, and food industries,
nanotechnology is expanding quickly across numerous industries [24, 26]. Most of
these pursuits centre on the creation of fatty acids, tastes, colors, and pharmaceuticals,
all lipophilic compounds [5]. As emulsions have been made from various materials
and additives for a long time, producing markets and profitability, using nanotech-
nology/nanoparticles in emulsion manufacturing is essential [1]. In Nanoemulsions
(NEs), soybean oil (elongated chain triglycerides oil) is used as the distributed phase
for food applications [38]. With a large increase in these compounds’ bioavailability,
these emulsions are employed to create preservatives, antioxidants, and medication
compositions. NEs, which range in size from 20 to 500 nm, are sometimes referred
to as mini emulsions, sub-micron emulsions, or ultrafine emulsions (Table 1). The
aim of this chapter is to give a general overview of the usage of green nanoemul-
sions as a possible means of preventing food spoilage along with importance of food
preservation, and the causes of food spoilage.
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Table 1 Differences between macro-, nano-, and micro emulsions

Features Macroemulsions | Nanoemulsions Microemulsions References
Droplet size | >1 um 10-200 Nm 4-200 Nm [28, 50]
Shape Spherical Spherical Spherical, lamellar

Appearance | Formulation Transparent/ Transparent

dependent translucent to milky

Surfactant Fairly low Medium (<1 To Fairly high (10-30%)

load >10%)

Stability Kinetically stable | Kinetically stable Thermodynamically

stable
Method of Conventional High/low energy High/low energy
preparation | homogenizations | emulsification emulsification

2 Food Spoilage

2.1 Mechanism

The process by which food loses its edibility is called food deterioration. Food
safety and food deterioration are related. It is possible to spot the early signs of
food deterioration using the flavour, smell, texture, colour, or meal itself. Numerous
chemical, physical and microbiological mechanisms can cause food to deteriorate.
These pathways are not necessarily mutually exclusive because the decline brought
on by one mechanism can encourage another. Air, temperature, pH, nutrition, and
various chemicals are the primary factors that cause food to deteriorate [21].

2.2 Physical Spoilage

Physical food deterioration is described as food that has undergone physical alteration
or instability. Physical spoilage occurs when components or ingredients physically
separate from one another, moisture is lost or gained, or moisture migrates between
different components [41]. Moisture content, temperature, glass transient temper-
ature, crystal development, and crystallisation are the main elements influencing
physical deterioration [54].
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3 Microbial Food Contamination

According to several studies, bacterial pathogens like Klebsiella spp., Campylobacter
spp., Escherichia spp., Bacillus spp., Salmonella spp., and Listeria spp. cause food
commodities, particularly meat, fruits, vegetables, and other high-fat-containing
goods, to rot or go bad the fastest [34, 37]. Recently, the most prevalent illnesses
in humans associated with chicken and pork products in developing and developed
countries are campylobacteriosis caused by Campylobacter coli, and Campylobacter
jejuni [27]. Another most significant bacteriological pathogen after Campylobacter
spp. causes vomiting, diarrhea, fever, stomach pains, headaches, and blood in stools,
Salmonella spp. has been isolated from various foods. According to the World Health
Organization, 750,000 Americans were infected with Salmonella typhi in 2016,
which led to more than 52,000 losses [23]. Another significant pathogen that contam-
inates food and causes listeriosis is Listeria monocytogenes [58]. In addition to bacte-
rial contamination, several fungal species, including Penicillium, Cladosporium,
Alternaria, Fusarium, Mucur, Rizopus, and Aspergillus have also been implicated in
the rotting of fresh produce, meats, stored grains, and other necessary food items [3,
17, 31]. In addition to fungal pathogens, food spoilage degrades food products by
creating poisonous secondary metabolites, known as mycotoxins that harm human
health [40]. Additionally, Aspergillus, Penicillium, and Fusarium frequently contam-
inate pre-harvest and post-harvest stored food goods, secreting many mycotoxins
that cause large monetary losses [12]. Aflatoxin, deoxynivalenol, ochratoxins, zeare-
lenone, and fumonisins are the main mycotoxins that pose health risks to mammals
when consumed through contaminated food among the 400 that have been recorded
[4]. Food product spoilage is rarely looked at until it has caused an outbreak. There-
fore, there is a critical need for in-depth study of natural goods, including essential
oils (Eos), to safeguard public health through the long-term preservation of various
food commodities [39].

3.1 Principal Microbes Involved in Food Rotting

Usually, microorganisms infect food goods’ surfaces through soil, water, and air.
Moreover, biopolymers found in food, such as protein, polysaccharides, and lipids,
are broken down and absorbed by bacteria as necessary nutrients for growth and
reproduction, leading to food spoiling and safety risks for humans. However, the
primary bacteria responsible for food deterioration are strongly tied to food kinds.
For instance, Salmonella spp., Listeria, and Escherichia coli [51].
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3.2 Food Oxidative Deterioration

The oxidation of nutrients during food production, storage, and transportation is
another significant factor in food deterioration. Fresh juice, freshly cut fruit, and
various vegetables, for instance, can change color quickly when exposed to air,
which can be linked to the intricate browning reaction. Meanwhile, oxidation is the
primary factor contributing to the degeneration of polyphenols, protein, amino acids,
and other nutrients [51].

4 Control Food Spoilage by Bioactive Food Fresh-Keeping
Films

Bioactive food fresh-keeping films (FFKFs) are a kind of film-like materials
made from naturally occurring carbohydrate polymers used as the matrix mate-
rial and created by physical or chemical cross-linking techniques. According to
the film-forming matrix, the bioactive FFKFs are primarily separated into protein-,
polysaccharide-, and multi matrix-based films [51].

The oxidation of nutrients and microbial contamination are the two leading causes
of food spoilage. Bioactive (FFKFs) or functional edible coatings (FECs), which
refer to a class of nature-based polymer-based preservation materials with benefits
of green, nontoxic, edible, and degradable characteristics, can effectively maintain
the freshness of food items, have attracted much attention. Food items’ shelf life can
be increased by limiting microbiological contamination and oxidative degradation
using bioactive FFKFs and FECs [51].

5 Nanoemulsions

The physicochemical properties of edible coatings on various food items may be
improved with the use of NEs, such as the pectin-based edible coating on freshly cut
orange slices, which improves the quality and sensory qualities of the product [44].

5.1 Formulation of NEs

Three main ingredients—oil phase, aqueous phase, and stabilizers—are utilized to
create food-grade NEs. Typically, triglycerides such triacylglycerols (TAGs), diacyl-
glycerols (DAGs), monoacylglycerols (MAGs), essential oils, mineral oils, fatty
acids, and other nutraceuticals are used to create the oil phase in n-emulsion formu-
lation [25, 36]. Triacylglycerol oils, including flaxseed, sunflower, safflower, olive,
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maize, soybean, and fish oil, are suggested for use in the food sector due to their low
cost and enhanced functional and nutritional qualities. For creating a n-emulsion,
polar substances such as alcohols, carbohydrates, proteins, minerals, acids, and
bases are combined with water to generate the aqueous phase. The amount and
nature of these components determine the polarity, refractive index, pH, density, and
strength of the aqueous phase, all of which impact the stability and physicochemical
characteristics of the NEs [56].

Only two phases—oil and aqueous—are used, and their combination results in the
creation of a transient emulsion that is quickly decomposable. Hence, stabilizers such
emulsifying agents are utilised to preserve the stability of n-emulsions and prevent
their collapse. Emulsifying agents may be broadly categorised into two classes:
hydrophilic colloids like acacia, bentonite, and vegum, and surfactants like spans
and tweens. These substances produce a stable NE by reducing surface tension,
preventing coalescence, and being nontoxic [32].

5.1.1 Oil Phase

The properties of n-emulsions are significantly influenced by the physical and
chemical properties of the oil phase, including viscosity, water solubility, density,
polarity, refractive index, and chemical stability [47]. A range of nonpolar molecules,
including waxes, mineral oils, free fatty acids (FFA), MAGs, DAGs, TAGs, and
numerous lipophilic nutraceuticals, can be employed to create the oil phase needed
to create food-grade n-emulsions. The most popular TAG oils used in n-emulsions
are those derived from soybean, safflower, maize, flaxseed, sunflower, olive, algae,
or fish principally because they are inexpensive and have good nutritional value.

5.1.2 Water Phase

Water can be combined with a range of polar molecules, carbohydrates, proteins,
acids, minerals, or alcoholic solvents to create the aqueous phase utilized to create
food-grade NEs. The physicochemical characteristics of the created n-emulsion are
greatly influenced by choice of the aqueous phase [47].

5.1.3 Stabilizers

Stabilizers impact emulsions long-term stability; as a result, choosing the right stabi-
lizer is one of the most crucial elements to consider for the effective creation of n-
emulsions. To increase the long-term stability of n-emulsions, several stabilizers are
added. A list of these stabilizers is provided in (Table 2). Examples of stabilizers are
emulsifiers, ripening inhibitors, texture modifiers, and weighing agents. The most
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popular stabilisers used in n-emulsions are emulsifiers. Different emulsifiers may
be added, such as phospholipids, small-molecule surfactants, polysaccharides, and
proteins [47].

The three main components of a n-emulsion are oil, water, and surfactant [19].
The emulsion’s stability and characteristics are controlled by carefully mixing
these components. The choice of surfactants during n-emulsion creation depends
on how active the surface is, with ionic strength, temperature, pH, and stability
of the n-emulsion system being particularly important [15]. Additionally, in n-
emulsion systems, the stability and size of the particle depend on the water-to-
oil ratio. The dispersive strength of n-emulsion is enhanced by Oil, water, thick-
ening agents, weighting agents, emulsification, antioxidants, and polyunsaturated
fats [18]. The quantity of water and its particular characteristics significantly impact
the organoleptic aspects of foods. The water crystals significantly influence the emul-
sion’s texture and flavour of food products. Through interfacial interaction, emul-
sifiers also prevent coalescence and flocculation in n-emulsions. Emulsifiers make
it easier for droplets to separate, which creates smaller particles. The amount of

Table 2 Kinds of stabilizers added to improve long-term stability of n-emulsions

References
[33]

Stabilizers | Function Examples

Emulsifiers | To stabilise emulsions by raising their
kinetic stability, a single emulsifier or

combination of emulsifiers is added

1. Amphiphilic proteins
(caseinate or whey
protein isolate)

2. Amphiphilic
polysaccharides (gum
Arabic or modified
starch)

3. Small molecule
surfactants

Weighting
agents

substances that maintain a balance
between the liquid densities in
n-emulsions

2. Brominated vegetable

1. Sucrose acetate [47]

isobutyrate

oil

Texture
modifiers

Substances that increase the viscosity
of n-emulsions

2. Sugars (high-fructose

3. Proteins (whey

4. Polyols (sorbitol or

1. Polysaccharides [14]

(carrageenan, xanthan,
pectin, alginate)

corn syrup or sucrose)

protein isolate, gelatin
or soy protein isolate)

glycerol)

Ripening
retarders

Hydrophobic compounds that delay or
prevent Ostwald ripening stabilise
n-emulsions

[N

. Mineral oil [2]
. Long-chain
triglyceride
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biopolymer necessary to completely cover all oil-water interfaces and the rate of
coating are used to determine the emulsifier’s concentration. oils are used as the
oil phase in n-emulsion systems and are more inclined to guard themselves against
oxidative destruction [19].

6 Green Micro Emulsions and NEs

Focusing on Micro-emulsions (MEs) and NEs, colloidal dispersions are suspensions
of tiny particles dispersed inside a liquid media. A “microemulsion” is a stable
crystalline liquid system in which oil is distributed with the aid of a co-surfactant
and surfactant. Depending on its content and the surrounding conditions, this mixture
can produce several systems (in particular temperature). One or more distinct phases
that are in balance with one another may arise. These phases can contain spherical
structures (like reverse micelles or micelles), cylindrical (like reverse micelles or
rod-micelles), sponge-like (e.g., bicontinuous) or flat (like lamellar structures) [52]
(Fig. 1). It relies on how well the surfactant molecules are packaged and curved, as
well as how much oil is used in the system [30]. A NE can be thought of as a typical
emulsion with minor particles. It is a colloidal distribution of two incompatible liquids
that are highly unstable, and one of the liquids is scattered as small droplets (100 nm)
inside the other liquid. Therefore, the same ingredients used to produce a ME are
typically used to prepare a NE: surfactant, water, oil, and perhaps a co-surfactant.
Even while the same materials can be used to make both types of colloidal dispersion,
their proportions vary between the two formulations. Surfactants are present in NEs
at a lower concentration than in MEs (usually 5%—10% vs. 20% in MEs) [49].

Due to the interfacial area being reduced by the comparatively low particle radius
and great interfacial tension in NEs, the droplets in these systems tend to be spherical
[48]. Whereas the polar head groups of the surfactant molecules are pointed toward
the nearby aqueous medium, their relatively nonpolar tails protrude into the lipophilic
core [22]. The prefixes used to identify them, which are connected to the particle size,
are the main cause of the misperception between MEs and NEs. The word “micro”
typically refers to 107°, which in this context indicates that the drops have a micro-
metric dimension, or one-millionth of a metre or less. NE droplet size can cross over
into ME. Both should contain particles between 20 and 200 nm in size [53]. The main
distinction between NEs and MEs is the thermodynamic stability: NEs have unstable
thermodynamic properties, whereas MEs have stable thermodynamic properties. A
NE is thermodynamically unstable because the colloidal distribution (droplets in
water) has higher free energy than the constituent phases (oil and water). NE may
yet have rather high kinetic stability (Metastability), by creating an appropriately
high energy barricade between the two states [10].



Role of Green Nanoemulsion in Controlling Food Spoilage 81

A\ At
)] ’ \\! 1. ) .
N S\ -
o= —e o —i i—eo |\ ?E
w7 =9 oA I — l J -
77 NS 1 ..”/"."0..-’._\\3'—\. 1
/(NN ./ [N D
(FAR) \ ® NS
00 ( PPN

Fig. 1 Structure of oil-water (O/W) and water—oil (W/O) nanoemulsion

7 Nano Formulated Essential Oils as Novel Green
Preservatives

The investigation and use of nanoparticles with at least one dimension up to 100 nm lie
atthe core of the emerging field of nanotechnology. Currently, nanotechnology is used
in the production of numerous goods across the globe, including food, clothing, and
cosmetics [6-9]. Although Eos and their active ingredients have a unique preservation
potential, problems including rapid degradation under intense light, high tempera-
tures, and high volatility bound their practical usage. Other significant obstacles to
their broad use include their poor water solubility, adverse effects on food items
organoleptic characteristics at higher doses, and considerable bioactive component
change because of interaction with food components like fat, protein, and carbo-
hydrate. Botanicals are frequently included in food-grade polymeric matrices that
are biodegradable and non-reactive to food [29]. Starch, glycerides, carrageenan,
whey proteins, pectin, gelatin, alginate, gum Arabic, phospholipids of natural origin,
and chitosan are a few of the often utilized encapsulating substances [42]. Emulsi-
fication, liposomal approach, spray drying, nanoprecipitation, inclusion complexa-
tion, and coacervation are some common encapsulating techniques used in the food
business to improve the bio-efficacy of green preservatives. It has been demon-
strated that EOs and encapsulating agents can yield several morphologies, including
nanosponge, nano-gel, nanofibers, nanoparticles, nanotubes, and NEs according to
currently used methodologies. The most well-liked ones have been nanoparticles,
nano-gels, and n-emulsions [11]. A NE is a colloidal system of hydrophobic and
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hydrophilic substances in which one phase is dispersed into another in nano-sized
droplets. A surfactant is used to maintain the system. This EO droplet suspension is
mostly milky to translucent after being distributed in an aqueous phase and stabilized
with additional surfactants [20].

8 NEs in Food Industry

NEs are used in the food industry to delay the evaporation of bioactive chemicals’
harsh and unattractive flavors, enhancing the digestibility of food items. Also, it
has several uses in the pharmaceutical sector, including the detection of malaria, the
treatment of cancer, the management of tumors and coronary artery disease, and anti-
inflammatory agents [56]. NEsare becoming more widely applicable for enhancing
foam stability and air dispersion in sugar and flour confectionery goods. Cocoa butter
suspends the non-fat components of chocolate, including milk, sugar and cocoa (fat
phase). Additionally, emulsifiers in n-emulsion form prevent blooming, significantly
contributing to sensory modification. Using bakery cream in sandwiches and pastries
creates enormous emulsions of market demands. Ice cream’s texture and consistency
have been effectively improved by Nes [55], and many more advantages of NEs are
also shown in Fig. 2.
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Fig. 2 Advantages of N-emulsions
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Fig. 3 Green n-emulsion controlling food spoilage

8.1 Food Edible Coatings

Green Nes controlling Food Spoilage shows in Fig. 3 that a liquid colloidal
system known as FEC is created by evenly scattering natural food preservatives or
their delivery Nanosystems into a solution containing consumable polysaccharides,
proteins, and other biological macromolecules.

8.2 Essential Oils for Food Preservation in Nano
Encapsulation

The aromatic and medicinal plants’ flowers, buds, leaves, fruits, and stems are among
the parts from which essential oils are extracted [45]. 300 of the nearly 3000 EOs
isolated from the 2000 plant species have been used commercially. Alcohols, alde-
hydes, esters, phenylpropanoids, Terpenes, ketones, and terpenoids are only a few
bioactive ingredients that makeup EOs. In order to prevent microbial contamina-
tion in food products that have been preserved, many synthetic preservatives have
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been utilised. However, these preservatives negatively impact both environment and
human health. As a result, current research is concentrated on plant-based preserva-
tives with minimal adverse effects. The efficacy of EOs in preventing food spoiling
by Gram-negative bacteria and Gram-positive, fungus, and the toxins secreted by
them has been observed in recent studies on food safety. However, the widespread
use of EOs in food in free form is restricted because—

(a) Climatic conditions include moisture, irradiation, and temperature that cause
the oxidation of EO constituents.

(b) Possibility of alterations in food’s organoleptic characteristics brought on by
strong aroma.

(c) Revoke the use of the surfaces.

(d) Significant decline in the biological activity of EO [39].

To enhance the microbial antioxidant capabilities, inhibitory activities, and utiliza-
tion in real food systems, Nanoencapsulation has become an effective approach to
entrap bioactive compounds and Eos [13]. The technique of encapsulating natural
compounds or chemicals in appropriate polymer matrices with at least one dimen-
sion below 100 nm is known as “Nano encapsulation” [43]. Their potential in the
food chain is limited by temporary decreases in the free availability of EO at applied
food surfaces. Therefore, organized release may hold great promise for prolonging
the shelf life of food goods. Since some EOs’ potent flavor and aroma may alter the
sensory qualities of food that has been treated, Nano encapsulation may be used to
promote the regulated release and preserve sensory qualities. A regulated discharge
of EOs loaded on zein nanoparticles has been recommended to preserve meat [57].

8.3 Functions of Essential Oils n-emulsion as Food Additives

In order to dodge the disadvantages of encapsulated essential oils for practical use
with maximum compatibility and stability, consumers and current food businesses
are concentrating on Nanoengineered EOs in the form of n-emulsion. Additionally,
n-emulsions offer the most significant advantages related to the usage of EOs in food
products [46], including:

Higher dispersion on food surfaces, where bacteria typically multiply
Decreased sensory effects

N-emulsions with bioactive EO molecules have increased antibacterial activity
The emulsion-based carriage organizations incorporating EOs may interact with
microorganisms due to the many target locations in microbial cells, interfering
with normal biological processes [46].

Microorganisms thrive in food and produce chemicals that alter flavor, color, and
texture. These microorganisms include bacteria and fungi. The food will eventually
lose its value for human consumption. Food is spoiled when it is kept with a hairy
growth and becomes pulpy, producing unpleasant odors and encouraging the growth
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of moulds and yeasts. Mold and yeast-related spoilage include mold development on
bread, the rotting of fruits and vegetables, and sour taste of milk. These organisms
rarely harm humans, but bacterial contamination is frequently more severe since it
may not necessarily seem awful even when food is seriously contaminated. When
microbes exist in food, they utilize the nutrients already present and quickly prolif-
erate. They alter the aroma of the meal and create fresh, potentially toxic substances.
Food spoilage directly affects the food’s color, flavor, aroma, consistency, and texture,
and it may become unsafe to consume. Food that has a terrible odor or smell indicates
that it might not be safe.

Reduced food rotting is the main contributor to food security, Food that has
spoiled loses its ability to be edible and either becomes unfit for human consump-
tion. Green MEs and NEs, pesticides made from n-emulsions and their constituents,
nano-encapsulated essential oils for food preservation, the use of essential oils as
food additives, and n-emulsion application are all examples. NEs are minuscule
droplet-sized colloidal systems that are kinetically stable. They are more function-
ally effective than conventional emulsions. The structure and composition of the
NEs can be organized to effectively encapsulate and distribute bioactive lipophilic
substances. NEs can be used to deliver nutraceuticals, ingredients for colouring and
flavouring, and antimicrobials in the food industry. Foods’ quality, nutritional value,
functionality, and shelf life can be increased by using biodegradable coverings and
wrapping films made from active ingredient n-emulsion compounds.

9 Conclusion and Future Perspectives

Due to their distinctive features and superior steadiness to conservative emulsions,
NEs offer enormous promise in various industries, cosmetics, pharma and the food
sectors. The selection of the exact methodology and the enhancement of the condi-
tions for the increased steadiness of NEs will enable the creation of a high amount
of production and their various applications in the beverage, pharmaceutical, and
food industries by their precise requirements. In order to increase the bioavailability,
functionality, and solubility of nonpolar active chemicals, NEs are one of the most
capable systems. This supports the use of NEs as drug delivery systems. Aside from
their enormous potential, NEs are metastable, so further research is needed to produce
stable NEs that can be used in manufacturing. In terms of the creation process, partic-
ularly their cost, as well as the characterization of the developed NEs and the food
systems to which they will be deployed regarding product safety and acceptability,
there are still issues with NE application that need to be resolved. The use of n-
emulsions in food systems still presents difficulties that must be resolved in terms
of their manufacture, particularly in terms of cost and their characterization in terms
of the food systems to which they will be applied and the safety and acceptability of
the final product.

Although they manufacture translucent beverages and meals, their increased phys-
ical stability and bioavailability are some of the possible benefits of n-emulsions
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over traditional ones. To enable the widespread use of n-emulsions, however, several
regulatory issues must first be resolved. Most of the ingredients utilised in the prepa-
ration of NEs, whether by low-energy or high-energy methods, such as synthetic
oils, synthetic polymers, organic solvents, or synthetic surfactants, are not generally
acceptable usage in the food business. Therefore, food-grade substances that are
ethically acceptable, affordable to use, and label-friendly, such as proteins, triglyc-
eride oils, polysaccharides, and flavour oils, must be used to create food n-emulsions.
Appropriate processing techniques should be used to produce affordable and reliable
products to create food-grade n-emulsions on an industrial scale. Several proposed
strategies established in research labs are inappropriate for commercial production
since low-intensity strategies could not yet be validated in large-scale production.
In the food business, only high-intensity methods are currently used to produce
n-emulsions.

Finally, using very small lipid droplets in food is accompanied by a few safety
concerns. For instance, a lipophilic component enclosed within nanometre-sized lipid
droplets has very different absorption pathways, bioavailability, and possible toxicity
than one that is disseminated within a bulk lipid phase. These factors make in-depth
research in the field of n-emulsion safety necessary.
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Use of Nanoemulsions in Pesticide )
Formulation s

Arshad Khan, Fadime Karabulut, Saba Fatima,
and Mansoor Ahmad Siddiqui

Abstract The rapid reduction in agricultural production caused by various pests
and diseases necessitates researching and designing novel, efficient, secure and eco-
friendly formulations of pesticides. In agricultural farming, pesticides are used to effi-
ciently manage pests and diseases, resulting in higher food production, reduced food
waste, and increased farmer profit. Unfortunately, over 90% of pesticides drain into
the environment and persist in agricultural products, causing environmental pollution,
which are major drawbacks of a chemical-based traditional pesticide formulation. In
the past few years, nanoemulsion-based pesticides have been developed to be effec-
tive, nontoxic, cost-effective, and possess excellent physico-chemical stability and
greater biodegradability. For this purpose, there is a great interest in the design of effi-
cient nanoemulsion-based pesticide formulations. Two normally immiscible liquids
(water and oil) are combined in these formulations to produce an isotropic system.
This chapter discusses various scientific concerns and approaches, including prepa-
ration method, composition, characterization, and biological properties pertaining to
developing nanoemulsion-based pesticide formulations.

Keywords Nanoemulsion + Formulation - Pesticide + Eco-friendly -
Biodegradability

1 Introduction

In the upcoming years, ensuring food security and feeding the growing world popu-
lation will be a major challenge. Pesticides are essential for preventing crop losses
and assuring food security [95, 149]. In the upcoming decades, pesticide use will
be progressively crucial for resolving food security challenges related to ensuring a
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sufficient food supply for the expanding global population [32, 133]. Pesticide usage
has risen significantly during the previous few decades. An estimated 5.2 billion
pounds of pesticides are used annually worldwide [89]. The United Nations Popula-
tion Division predicts the world population will rise by about 30% by 2050. The Food
and Agriculture Organization of the United Nations (FAO) claims that 80% of the
food required to maintain this development must rise from increased production of
present crops [134]. In agriculture, synthetic pesticides, including organochlorides,
organophosphates, carbamates, pyrethroids, and neonicotinoids, have been widely
used since the 1950s due to their effectiveness and rapidity action, cheapness, and
convenience of usage. Around 2.5 million tonnes of pesticides are expected to be
employed on crops annually [39]. Current excessive usage of traditional synthetic
pesticides poses several threats to human health and the environment [1]. There is a
rising interest in developing innovative and effective pesticides with less detrimental
ecological impacts than synthetic pesticides [116].

Pesticides are grouped into insecticides, fungicides, nematicides, herbicides, and
plant growth regulators based on the types of living organisms they kill. They can be
used in sustainable agriculture [121], forestry [113], and non-agricultural purposes
[101]. It is well known that the majority of pesticide-active constituents are typically
hydrophobic compounds that must be combined with a solvent, an emulsifier, and a
dispersant in order to produce an appropriate water-based formulation, such as emul-
sifiable concentrates (ECs) and wettable powders (WPs), for fumigation [120, 152].
Pesticides are rarely utilized directly in their purified chemical form commercially.
Therefore, commercial pesticide formulations can be categorized as solid (granules
or powders), liquid (solutions or suspensions), and gaseous (vapors). In addition
to solutions and emulsifiable concentrates, microemulsions, oil-in-water emulsions,
and soluble concentrates are also considered liquid forms [137].

A nanoemulsion is a mixture of two or more liquids that cannot mix, in which tiny
droplets of one liquid are dispersed throughout another liquid [57]. Most nanoemul-
sions have a milky, opaque, or transparent appearance due to the size of the droplets,
which can be between 10-300 nm. Nanoemulsion is sometimes called a mini-
emulsion, sub-micron emulsion, or ultrafine emulsion due to its size range of 20—
500 nm [123]. A nanoemulsion has thermodynamic instability but dynamic stability.
The formulation of a nanoemulsion involves both high-energy and low-energy
processes. Hence, it uses the underlying physico-chemical attributes of the system’s
components and is sensitive to the arrangement in which chemicals are blended
throughout the formulation [12]. The three primary components of nanoemulsions
are oil, water, and surfactant. The system is formed subsequently when the surfactant
layer separates the oil and aqueous phase. In a nanoemulsion system, the interfacial
tension exerted by surfactants separates two immiscible phases,oil and water phase
[33]. Conventional pesticide formulations are typically employed inefficiently due
to loss and poor leaf adherence, resulting in significant resource waste and envi-
ronmental pollution. Nanoemulsions possess tiny droplets, homogeneous distribu-
tion, high stability, convenient synthesis, and superior deposition, expansion, and
penetration of the pest body and plant foliage surface [126, 152]. Therefore, devel-
oping more effective formulation methods for pesticides is being promoted globally
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[9]. In order to develop efficient nanoemulsion-based pesticides, the appropriate
formulation technologies must be developed.

2 Components of Nanoemulsion

The outlines of nanoemulsion components are depicted in Fig. 1.

2.1 Oil Phase

One of the essential parts of making a nanoemulsion is selecting the appropriate oil
for the oily phase. This is because the oil affects how easily the active component
dissolves and how easy it is to make a nanoemulsion for a specific purpose. If the
pesticide is liquid at room temperature, it may be the only factor in the oil phase.
Other suitable environmental solvents such as corn, coconut, olive, peanut, soybean,
castor, corn, and sunflower oils could also be used. It may also be essential to combine
a liquid pesticide that dissolves in water well with a solvent that does not dissolve in
water. This is called a “ripening inhibitor,” It slows the growth of droplets caused by
Ostwald ripening, which is the movement of pesticide molecules from small droplets
to large droplets when the Laplace pressure is different [22]. Pesticide particles can
be suspended in an oil phase, but most suspension concentrates are usually dispersed
in water [100]. The low solubility of oil in the solution improves nanoemulsion

Surfactant Cosurfactant

Fig.1 Components of nanoemulsion
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longevity by acting as a kinetic shield to Ostwald ripening. Ostwald ripening is the net
movement of oil from tiny droplets to bigger droplets by continuous phase transport
[141]. Because oil has many biological properties, dissolving it in a nanoemulsion
could increase its cytotoxicity, genotoxicity, and antimicrobial properties against
pathogenic microbes. The biological responses of essential oils to infections will be
affected by the varying phytochemical compositions of oils [21, 48].

2.2 Surfactants

To facilitate the dispersion of all components, the surfactant must reduce the interfa-
cial tension nearest to zero. The classification of surfactants is based on: a hydrophilic
head and a hydrophobic tail. In preparing W/O nanoemulsion, surfactants with
hydrophilic-lipophilic balance (HLB) values between 3 and 6 are desirable, but for
the production of O/W nanoemulsion, surfactants with HLB values between 8 and
18 are favourable. Surfactants with an HLB value greater than 20 serve as cosur-
factants for reducing surfactant concentrations to an appropriate level and forming
microemulsions. The examples of various oils, surfactants, and co-surfactants are
listed in Table 1.

Three different types of nanoemulsions can be produced, and they are as follows:
water in oil (W/O), oil in water (O/W), and bi-continuous [23] (Fig. 2).

1. 'W/O Nanoemulsions that consist of water droplets dispersed in a continuous oil
environment

2. O/W Nanoemulsions that consist of oil droplets dispersed in a continuous aqueous
environment

3. Microdomains of oil and water are interspersed throughout the system of bi-
continuous nanoemulsions (Devarajan et al. 2011).

O/W nanoemulsions may be further categorized into three varieties based on the
surfactants used: neutral O/W nanoemulsion (neutral surfactants are used), cationic
O/W nanoemulsion (cationic surfactants are used), and anionic O/W nanoemul-
sion (anionic surfactants are used). The interaction may be stabilized in all three
nanoemulsion categories using the appropriate surfactants and co-surfactants.

Table 1 List of oils, surfactants and co-surfactants

Oils Surfactants Co-surfactants
Glyceryl tricaorylate/caprate Caproyl 90 TranscutolP
Propylene glycol dicaprylate/dicaprate Cremophor RH 40 Ethylene glycol
Glyceryl tricaprylate (tricaprylin) Lauroglycol 90 Ethanol

C8/C10 triglycerides PEG MW > 4000 Propano
Mpyristic acid isopropyl ester Plurol Oleique CC 497 Propylene glycol
90:10% w/w C12 glyceride tridiesters Poloxamer 124 and 188 Glycerin
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Nanoemulsion
Water in oil 0il in water Bi i
i-continuous
(W/0) (O/W) .
. ) nanoemulsion
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l_}_l

Anionic O/W Cationic O/W Cationic O/W
nanoemulsion nanoemulsion nanoemulsion

Fig. 2 Various types of nanoemulsion

3 Types of Nanoemulsion

3.1 Microemulsion

Microemulsions are thermodynamically stable systems that develop spontaneously
when combining particular kinds and concentrations of surfactant, oil, and water.
Microemulsions generally develop via thermodynamic self-assembly; however,
nanoemulsions require external shear to separate the droplets. Microemulsions
have numerous benefits, including thermodynamic stability, the convenience of
preparation, transparency, low viscosity, homogeneity, and high solubility [19, 28].
Microemulsion formulations may provide a variety of benefits for pesticide encap-
sulation and application: (i) Preparation is simple because no specialist equipment is
required (ii) Low environmental pollution (iii) Minimal production expenses because
organic solvents are not used (iv) Using water as a solvent reduces the possibility of
flammability and explosion and (v) Production of tiny oil droplets (10-100 nm in size)
with increased permeability and absorption rate [25]. In comparison to nanoemulsion,
microemulsion requires a more significant proportion of surfactant.

Pesticide microemulsion, a revolutionary water-based pesticide formulation,
provides considerable development potential [49]. Microemulsions are defined by
the tiny, homogenous droplets that make up the dispersed phase (less than 100 nm,
[153]) which enhance the ability of pesticides to reach their target pests or plants
[28]. Although the concentration of the active ingredient in microemulsions is low,
the solubilization of the active ingredient and the presence of a large amount of surfac-
tant may elevate the biological activity of the microemulsion. Considerable research
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on the development and stability of pesticide nanoemulsions have been published
in recent years, with an emphasis on the high-energy emulsification method [85]
and microemulsion dilution [135] as a method of production, in addition to methyl
decanoate [135] and fatty acid methyl ester [84] as solvents.

3.2 Emulsifiable Concentrates

Among the many pesticide formulations available, emulsifiable concentrates (ECs)
are particularly popular due to their many useful properties. These include strong
biological activity, low environmental impact, simple production processes, and long-
term storage stability. Usually, an EC is produced by dissolving a pesticide in a
nonpolar solvent, including surfactants. A polar solvent is exploited as a co-solvent
if a pesticide is almost insoluble in a typical nonpolar solvent [71]. The following
are advantages of emulsifiable concentrates for pesticide applications: (i) minimal
apparatus demands, (ii) simple processing demands, (iii) straightforward application,
(iv) good storage stability, (v) high amounts of active components, and (vi) high-
biological activity [143]. The emulsifiable concentrate formulation is completely
biodegradable and somewhat harmless for animals and the environment [140].

4 Developments of Nanoemulsions-Based Pesticide

Several researchers have focused on developing more efficient pesticide formulations
using nanoemulsions to avoid synthetic pesticides’ shortcomings. The smaller drop
sizes of nanoemulsions over traditional emulsions provide the system with enhanced
wettability, spreadability, and biocompatibility. Nanoemulsion-based formulations
may enhance pesticide characteristics and behaviors such as stability, solubility,
mobility, dispersion, and targeted delivery [150]. Consequently, it has the potential to
substantially enhance the feasibility, safeness, and economic effects of conventional
pesticides by continuing to increase efficacy, extending effect duration, lowering
dose demanded, facilitating the managed release of the active ingredients, and
enhancing payload consistency in the environment, thereby minimizing run-off and
environmental residuals.

4.1 Preparation Method of Nanoemulsions-Based Pesticides

Nanoemulsions are metastable systems, and how they are prepared influences the
degree to which they are stable [135, 136]. Nanoemulsions lack thermodynamic
stability but are kinetically stable. In addition, emulsions are understood to be
nanoemulsions if the droplet sizes are measured in the nanometer range. The several
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nanoemulsion preparation processes include the following two methods: (1) low-
energy emulsification and (2) high-energy emulsification. The high-energy emul-
sification process consists of high-energy stirring, high-pressure homogenization,
ultrasonic emulsification, membrane emulsification, and microfluidization.

Low- and high-energy emulsification can be used to develop nanoemulsions.
High-shear mixing, high-pressure homogenizers, high-energy emulsification tech-
niques utilizing ultrasonic generators, and low-energy emulsification techniques
utilizing the system’s stored energy are all well known. The hydrophobic insect
repellent N, N-diethyl phenylacetamide (DEPA) was emulsified using the low-energy
phase inversion temperature (PIT) method [16]. The technique is based on nonionic
polyethoxylated emulsifiers’ capacity to alter their hydrophilic-lipophilic balance
(HLB) values in response to temperature. The HLB decreases with increasing temper-
ature. The ethoxylate unit’s dehydration is the cause of this decline. Therefore,
changing the temperature while keeping the composition constant can change the
relative affinity of the surfactant for the different phases [13]. The polyethoxylated
surfactant hydrates at low temperatures, increasing its affinity for the watery medium.

As a consequence of this, it fosters the development of an O/W macroemulsion
that is stable. Dehydration of the polyoxyethylene chain makes the surfactant more
lipophilic, which reduces the stability of the O/W emulsion as the temperature rises.
This is because of the emulsion’s interaction with the polymer. Surfactant stabilizes
W/O emulsions at extremely high temperatures. The nonionic surfactant possesses
exceptionally powerful affinities for both immiscible phases at either the PIT or the
HLB temperature. The instability of both oil-in-water and water-in-oil macroemul-
sions in PIT results in a bi-continuous microemulsion structure or layered liquid
crystal structure composed of oil, water, and surfactant [13]. As a result, nanoemul-
sions can be created, supporting the formation of only a few nanometers across
emulsions. In order to make nanoemulsions that are kinetically stable through a tran-
sitional inversion, the emulsions must first be prepared in a region close to the PIT.
Then they must be rapidly cooled or heated.

A W/O emulsion can change into an O/W emulsion due to the rapid cooling
after an emulsion is formed in the PIT zone. During a process known as reversed
phase inversion, an O/W emulsion can be transformed into a W/O emulsion by
rapidly raising the temperature. Fast temperature increases, or decreases of about
25-30 °C are required to create kinetically stable W/O or O/W nanoemulsions,
respectively. If this is not done, the resulting emulsions will be lumpy and difficult
to work with [8]. The emulsion inversion point (EIP) method is another low-energy
technique for creating nanoemulsions [117]. In this instance, unlike the PIT method,
a change in composition rather than a change in temperature initiates the phase
reversal. Adding water to an oil-in-water emulsion creates a W/O emulsion, which
is stabilized by a hydrophilic surfactant with a greater affinity for the water phase
than the oil phase. This method’s primary goal is to produce a continuous oil phase.
Emulsions stabilized with a surfactant with a higher affinity for the continuous phase
are called “normal emulsions.” When water is first added to an emulsion, it only
causes more water droplets to form in the oil-continuous phase of the emulsion. It is
possible to permanently transform a W/O emulsion into an O/W emulsion by adding
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more water than is required to slow the rate at which the oil droplets coalesce [93].
This phase inversion process is called catastrophic phase inversion to differentiate
it from the transitional phase reversal between two regular emulsions (CPI). The
EIP procedure aims to produce pyrethrin-containing O/W nanoemulsions that are
kinetically stable. They only detail the creation of micro- and nanoemulsions as
encapsulation media using materials that are risk-free and naturally toxic [66]. When
conducting an emulsification process, it is possible to reduce the amount of damage
done to the environment by employing “green” nonionic surfactants and an oil phase
derived from natural sources. The oil phase contained a wide range of fatty acid
methyl esters (FAMEs), including hexanoate, octanoate, decanoate, and laureate
(methyl hexanoate/octanoate/decanoate/laurate = 3.2/50.8/44.0/2.0 (w/w)).

Nonionic surfactants such as 3-(3-hydroxypropyl)-heptamethyltrisiloxane
(organosilicon), long-chain alkyl polyglycosides (LAPG), and short-chain alkyl
polyglucosides (SAPG) are all eco-friendly options. Pseudo-ternary systems
involving FAMESs, water, and surfactants containing 4 1% (w/w) glyphosate isopropy-
lamine salt were analyzed using phase diagrams to determine which systems had the
potential to form microemulsions. These phase diagrams were applied in various
ratios and for each surfactant. Microemulsion-based formulations were created
using the study’s findings. Droplets smaller than 200 nm in size were achieved
in O/W nanoemulsion glyphosate formulations by diluting the latter with much
water (1:200) and mixing at a slow speed (200 rpm for 5 min). By contrasting the
prepared glyphosate-loaded nanoemulsions with Roundup, a commercially available
glyphosate formulation, their effectiveness in suppressing the narrow-leaf herb Eleu-
sine indica was estimated. The optimal results were obtained with a nano vehicle
consisting of 3.27% FAME:s oil, 74.58% water, and 22.15% 8:2 LAPG: organosil-
icon surfactant matter. A phytotoxicity study was conducted on weed 7-8 days
old. Herbicide was sprayed on the plants. Nine distinct glyphosate concentrations
were used. The probit transformation was used to create sigmoidal dose—response
curves, linearize them, and determine the effective doses (ED50) for the various
treatments. Commercial product doses of 0.25, 0.50, 0.75, and 1.00 kg herbicide/
ha were primarily used to determine average weed control rates corresponding to
the nanoformulation. The ED50 for the nanoemulsion formulation was less than
that of Roundup (0.48 kg herbicide/ha) at 0.40 kg. Nanoemulsion formulations also
had lower surface tensions, allowing pesticides to penetrate leaves more efficiently
and increased wettability compared to commercial products. Oil-in-water (O/W)
nanoemulsions of neem oil-based nano pesticides stabilized with the hydrophilic
surfactant Tween 20 were developed and characterized. In experiments, droplets as
small as 31.03 nm were produced in nanoemulsions with an oil-to-surfactant ratio
of 1:3.The LC50 was calculated to be 11.75 mg/L at a droplet size of 31.03 nm,
indicating a decreasing trend as droplet size was decreased [10].
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4.2 Chemical Composition of Pesticide Nanoemulsions

A review of the creation and formulation of pesticide delivery systems based on
nanoemulsions is presented. Nanoemulsions of oil in water are examples of colloidal
dispersions characterized by their thermodynamic instability. They typically consist
of oil droplets emulsified and suspended in water. They are similar to oil-in-water
emulsions in this respect, which are also common. Droplets larger than 200 nm are
considered part of a conventional emulsion, while droplets smaller than 200 nm are
considered part of a nanoemulsion [94]. Nanoemulsions have some benefits over
traditional emulsions because of the tiny size of the droplets in them. These bene-
fits include improved droplet stability, enhanced optical clarity, and an apparent
rise in bioactivity. Droplet aggregation and gravitational separation are the other
benefits [94]. Thermodynamic stability, not particle size characteristics, distin-
guishes nanoemulsions from microemulsions. Unlike their microemulsion counter-
parts, nanoemulsions are notoriously unstable from a thermodynamic standpoint.
The kinetic stability of nanoemulsions, however, can be improved over time.

If the oil phase is liquid at room temperature, it might only contain pesticide.
However, solid pesticides at room temperature or with high water solubility may
need oil phase components added. A suitable solvent can be used to dissolve crys-
talline pesticides prior to homogenization. The ideal solvent should have a low water
solubility, high pesticide solubility, wide availability, good safety characteristics, a
reasonable price tag, and low toxicity, among other characteristics. It should also
be environmentally friendly and widely accessible. Toluene and xylene are two
examples of traditional aromatic solvents [85]. However, more eco-friendly options
exist, such as methyl oleate [42]. Other examples of these solvents include methyl
decanoate and methyl oleate. In theory, other environmentally friendly solvents like
food-grade triglyceride oils could also be utilized. Inhibitors, which are insoluble in
water, can be added to liquid pesticides to prevent droplet maturation and the spread
of the pesticide molecules [22].

Oil-in-water emulsions are made using various kinds of natural and synthetic
emulsifiers. All necessary conditions must be met, including low toxicity and envi-
ronmental compatibility. These conditions include compatibility with pesticides,
solvents, and other ingredients and stability against environmental conditions like
temperature changes. Any emulsifier should be able to produce excellent emulsi-
fying performance, which entails tiny oil droplets at low dosage levels. In pesti-
cide nanoemulsions, the primary function of emulsifiers is to rapidly adsorb the
oil produced during homogenization onto the droplet surfaces, lowering the inter-
facial tension and making it easier for further droplet fragmentation to take place
[92]. Due to the small droplet size, nanoemulsions form an interfacial layer with a
highly curved surface. Since the pressure inside the droplet is greater than the pres-
sure outside, there is a pressure difference between the inner and outer sides of the
interface. This differential pressure is called the Laplace pressure (P) [129]. Droplet
stabilization is yet another function of emulsifiers in pesticide nanoemulsions. For
an emulsifier to be effective during homogenization, it must first form a protective
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coating around the oil droplets [64]. Emulsifying molecules can accomplish this by
creating a significant electrostatic or steric attraction between the oil droplets in the
mixture.

Additionally, the colliding droplets can create an impermeable interfacial film that
is challenging to separate. For this reason, the stability of nanoemulsions depends
significantly on the mechanical strength of the interfacial film [83]. Typically, to
prevent oil droplets from coalescing, emulsifier molecules should almost completely
encapsulate the oil droplets. Nanoemulsion stability can be improved using small
molecular alcohols or mixed emulsifiers to form a composite interfacial film [148].

The most widely used co-emulsifiers are alcohols with a hydrocarbon chain, a
small polar head group, and a shorter carbon chain. Using a wide range of physico-
chemical mechanisms, these molecules can alter the interfacial layer’s optimal curva-
ture, reduce interfacial tension, increase interfacial layer flexibility, and enhance
emulsion formation and stability.

Understanding the scientific principles governing nanoemulsion behavior as a
function of composition is aided by a discussion of the various nanoemulsion compo-
nents. For example, an aqueous phase and an oil phase form the basis of a typical
nanoemulsion, which is then stabilized by an emulsifier or a surfactant. These phases
are separated from one another by an emulsifier. The formation of the nanoemulsion,
as well as its stability and the functional characteristics it possesses, are all influenced
by the properties of the oleic component. These properties include density, viscosity,
the value of the interfacial tension, and the refractive index. Typically, water acts
as the polar phase of nanoemulsions, dictating their rheological behavior, interfacial
tension, polarity, and ionic strength. The coalescence of oil droplets, flocculation,
the gradual increase in average droplet size (Ostwald maturation), and gravity sepa-
ration and sedimentation are the causes of the nanoemulsion’s breakdown into oil
and water [77, 78]. As a result of electrostatic repulsion or steric hindrance, a surfac-
tant that adsorbs oil droplets can prevent oil droplets from coalescing and colliding.
By decreasing the IFT between the oil and water phases, oil droplets are stabilized
against coalescence and collision [74, 75].

Co-emulsifiers can also be used interchangeably with emulsifiers. Coemulsifiers
are molecules of surfactant that can adhere to the surfaces of droplets; however,
when used on their own, coemulsifiers cannot stabilize emulsions. In some cases, the
formation of an emulsion or its stability can be enhanced by adding a co-emulsifier.

4.3 Optimization and Characterization
of Nanoemulsion-Based Pesticides

Dynamic light scattering (DLS), small angle neutron scattering (SANS), viscosity,
and atomic force microscopy are some of the analytical methods used to charac-
terize nanoemulsions: nanoparticles, extreme transparency, tunable viscosity, robust
stability, and other desirable traits (AFM). Using dynamic light scattering (DLS),
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the size of the droplets in a nanoemulsion can be determined. The physicochemical
stability of the nanoemulsion is assessed by measuring the droplet size as a function
of time with DLS. The reports state that the DLS method determines the Ostwald
ripening rate [142]. The SANS technique is helpful for determining the nanoemul-
sions’ bulk structure because neutron wavelengths can investigate nanoscale struc-
tures [50]. The results from techniques like measuring the conductivity, dielectric
properties, and nanoemulsion viscosity are appropriate at the macroscopic level.
When the water content is raised, the nanoemulsion appears to have a lower viscosity.
When the surfactant and co-surfactant content is reduced, it appears to have a higher
viscosity. The viscosity variation aids in assessing the stability of nanoemulsion
systems. Conductivity tests monitor the phase inversion phenomenon and establish
whether the newly formed nanoemulsions are y/w or w/o in composition [27]. The
dielectric properties are measured to assess nanoemulsions’ structural and dynamic
properties. Atomic force microscopy can determine the nanoemulsion system’s
droplet shape. Nanoemulsion systems are evaluated for their stability through battery
stability tests, including centrifugation, freeze—thaw cycles, heating—cooling tests,
and tests conducted at room temperature. The duration of stability that nanoemulsion
systems can maintain without exhibiting Ostwald maturation, coalescence, creaming,
or precipitation is examined in these tests. Consequently, the prepared system’s shelf
life is predicted [29].

Preformulation and parametric optimization are two crucial steps in creating agro-
chemicals based on nanoemulsions. To choose the optimization process’s starting
point, these parameters are crucial. After they pass the initial screening, the samples
are chosen for chemical and biological characterizations. Establishing the critical
micelle concentration (CMC) or the surfactants’ hydrophobicity-limiting concentra-
tion (HLB) value is crucial in preformulation. The HLB value indicates the type
of nanoemulsions produced, whether O/W, W/O, or some other type. When self-
assembly begins, and the addition of surfactant no longer reduces the surface tension,
the critical micelle concentration (CMC) value is reached. Fluorescent probe [26],
surface plasmon resonance, dye solubility, tensiometry, viscosimetry, calorimetry,
and electrical conductivity are just a few of the methods that have been used to
determine the CMC value. According to previous studies, the pyrene fluorescent
probe is one of the easiest and most accurate ways to determine CMC value. The
peak difference method measures the absorbance of dissolved fleas in the systems.
According to Lu et al. [88]’s graph of concentration versus absorbance, the CMC
value is the intersection of the two line segments [45]. The choice of probe molecules
impacts CMC measurement because of their charge and functional groups [62].
Several nanoemulsions with various parameters are created during the optimization
process and put through the initial sieving process, which includes a centrifuga-
tion experiment, freeze—thaw cycle, heating cooling test, and 25 °C room temper-
ature nanoemulsion stability test. The most stable nanoemulsion, which does not
experience phase separation for a predetermined time, will be chosen for further
characterization. In determining the thermodynamic stability studies, this step is
crucial.
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Characterizations such as dynamic light scattering (DLS), viscosity, zeta, pH
measurement, morphology, biological properties, retention, and contact angle
measurement are essential for nanoemulsion-based agrochemical formulations. The
most popular method for figuring out the size and distribution of the nanoemul-
sion is DLS. To achieve maximum effectiveness, the nanoemulsion’s small size is
preferred. There were a few factors thought to influence nanoemulsion size. Elec-
trostatic interaction-induced aggregation can lead to unwanted multiple scattering
effects, so samples are diluted with deionized water before analysis. The polydis-
persity index (PDI), which gauges system stability, is another area of interest during
measurement. Picking a PDI value of less than 0.5 is considered to have good particle
diameter uniformity, making it suitable for agricultural use. This is because this value
indicates that the particles have a similar size. To characterize samples using DLS
measurement, samples with higher PDI will be discarded due to their polydisperse
properties [37, 34].

Measurement of viscosity, zeta, and pH; Using a Zetasizer apparatus, the elec-
trophoretic characteristics of the nanoemulsion, also referred to as the zeta potential,
are analyzed. The particle’s pH and the surrounding surface properties establish its
zeta, a measure of the nanoemulsion’s stability. As the repulsive forces created by
a negative zeta value are greater than the attractive forces between the droplets,
coagulation, and coalescence are prevented in a dispersed emulsion. Because the
attractive forces are weaker than the repulsive ones, this is the case. Increasing the
amount of oil in a system may impact the nanoemulsion’s ability to maintain its
stable structure [58]. Most pesticide nanoemulsions exhibit alkaline properties and
have a pH ranging from 5 to 6 [15]. The nanoemulsion’s viscosity was determined
with an Ostwald viscometer. Several variables, such as the surfactants employed,
the organic phase components, and the oil, can impact the measured viscosity. Since
pesticide nanoemulsion is highly water-loaded and, therefore, of the O/W type, its
viscosity is relatively low. However, the concentration of the surfactant can alter the
nanoemulsion’s viscosity [7].

Nanoemulsion morphology and structure are studied using several types of
microscopes like atomic force microscopes (AFMs), transmission electron micro-
scopes (TEMs), and cryogenic field emission scanning electron microscopes (Cryo-
FESEM). Clusters of nano micelles formed during preparation led to the formation of
spherical [14] or core—shell-like structures [131] shapes for pesticide nanoemulsions
have frequently been reported. When the sample is stored, the study is carried out by
either monitoring the appearance of the sample or performing periodic measurements
of its physicochemical properties. These measurements may include zeta potential
or particle size. A stable system is one in which the sample does not undergo visual
changes like phase separation, creaming, flocculation, fusion, or precipitation. Before
and after storage, the nanoemulsion’s zeta potential and particle size are measured
and compared [52].

Measurements of the attachment and contact angles of the leaves are taken to
determine how much liquid pesticide should be applied to each leaf surface. The
pesticide’s effectiveness can be improved by improving the nanoemulsion’s adher-
ence to the leaves. Because the active ingredient has low interfacial tension, it allows
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for effective pesticide dilution on the plant surface. The fact that the nanoemul-
sion’s contact angle drops as its agrochemical content rises is evidence of this [119].
The effectiveness of pesticide nanoemulsions in combating pathogenic organisms
can be investigated through biological studies. Researchers have focused on these
plant-damaging organisms (bacteria, fungi, and insects) to eradicate or at least bring
them under better control [118]. A nanoemulsion based on peppermint oil can be
used as a pesticide because it reduces the biomass of the fungus Alternaria solani,
which is responsible for the early blight that affects tomato plants [108]. The garlic
oil nanoemulsion had a minimum inhibitory concentration (MIC) value of 0.23%,
which was lower than the value for pure garlic oil. This meant that it was more
effective at destroying the proteins in Penicillin italicum.

Insect morphological and histological damage following nanoemulsion treatment
has been documented in other studies. They tested the nanoemulsions’ ability to
irritate and seriously harm insect pests by penetrating their cuticle. According to SEM,
tribolium castaneum exhibits necrosis and blackening due to Pimpinella anisum
essential oil nanoemulsions [107]. Since they can significantly impact plant seedlings
when used as a growth promoter or seed treatment, nanoemulsions are also regarded
as growth promoters. It has been discovered that a nanoemulsion made of saponin and
thymol essential oil can inhibit bacterial growth while fostering the growth of soybean
plants [79]. The cottonseed plant’s germination process and resistance to fusarium
wilt disease were improved by eugol oil nanoemulsion [2]. As a seed stimulant,
methylcellulose nanoemulsion caused an 18 and 33% increase in the length of the
shoots and roots of maize seedlings [131]. Nanoemulsions of turmeric improved
germination and growth when applied to watermelon seeds [6]. Pectin and neem oil
nanoemulsion both show signs of stimulating growth in soybean seeds [125]. Many
simulation studies that guide nanoemulsion EOR simulation studies using various
simulation tools can be found throughout the emulsion EOR literature. Research and
experiments conducted in the last few years are summarized in Table 2.

4.4 Accumulation, Dispersion, and Evaporation of Pesticide
Nanoemulsions

Surfactant molecules are concentrated at the interface between the pesticide and the
water in a nanoemulsion of a pesticide. This results in the pesticide being dispersed
in the water as nanoscale droplets. Depending on the amount and kind of surfactant
used, nanoemulsions can be put into either kinetically stable or thermodynamically
stable. Nanoemulsions with high thermodynamic stability can be made when the
concentration of a strong repellent surfactant in the aqueous phase is greater than the
critical micelle concentration, and a non-polar pesticide is at least partially soluble
in water. These nanoemulsions can be used to combat a variety of pests (CMC).
Under these conditions, micelles are globular clusters formed when the nonpolar
parts of the surfactant molecules arrange themselves inward and coalesce with one



104

Table 2 Recent research on nanoemulsions as an effective pesticide

. Khan et al.

Emulsifiers

Droplet
size/types
of nano
emulsions

Oil phase

Processing
method

Function and
applications

Key
referecnes

Tween 40

10-15 nm
O/W

n-heptaneoil
(a7 carbon
alkane)

ultrasonication
technique

Used
CMG-STARSTM
to create a
compositional
reservoir model
that accurately
matched the
results of
CMOST’s
laboratory
flooding tests on
the surfactant/
NPs
nanoemulsions

[77]

Tween 40

Oo/W

n-heptane oil

ultrasonication
technique

The increase in
nanoemulsion
stability,
improvement in
wettability
modification, and
the wedging
action were
attributed to an
improvement in
oil RF of 8.54%
by nanoemulsion
+ SiO2 NPs

[74]

Tween 80

<40 nm
O/W

Toluene

Ultrasonic
emulsification

Reduced the
pesticide load on
the environment
and human
populations by
ensuring that
deltamethrin can
still effectively
fight the
mosquito
population at
lower
concentrations

[17]

(continued)
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Table 2 (continued)

Emulsifiers Droplet Oil phase Processing Function and Key
size/types method applications referecnes
of nano
emulsions

Calcium alkyl 31-300 nm | Solvent Low-energy With the contact | [151]

aromatic O/W naphtha, emulsification angle being

sulfonate, xylene'44:1 smaller and the

polyoxyethylene adhesion being

aliphatic'42:3 higher, the plant
leaves would be
more easily
absorbed into the
liquid medicine,
increasing the
medicine’s
efficacy

Polyoxyethylene | <200 nm | Methyl Low-energy The [42]

(40) castor oil O/wW oleate emulsification low-emulsifying

ether (EL-40) process for highly

and stable pesticide

polyoxyethylene nanoemulsions

(20) castor oil was developed,

ether (EL-20) and methyl oleate

was successfully
used as an
environmentally
friendly
alternative
solvent

Polyoxyethylene | O/W Cyclohexane | High energy By carrying out | [138]

ether (Ultrasonication) | parallel core

flood tests, the
study sought to
determine
whether
nanoemulsions
could be used to
enhance flow
back rate and
liquid capability
of gas injection

another. The polar parts of the molecules extend outward into the aqueous solution.
Micelles can be distinguished by their spherical shape. This aqueous solution’s free
energy decreases when a non-polar pesticide is added, resulting in the molecules of
the pesticide being directed to diffuse into the micelles. Micelles swell and create
tiny droplets in this situation. The surfactant and pesticide content primarily influ-
ences these droplets’ size in each droplet and chemical composition [51]. This type of
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nanoemulsion is believed to be thermodynamically stable because the state of swollen
micelles possesses the lowest amount of free energy. As aresult, as long as the initial
conditions are not altered, these nanoemulsions are stable indefinitely. This also
means that emulsions form naturally when the surfactant, pesticide, and water compo-
nents combine. Kinetic energy barriers or slow mass transport processes may require
mechanical agitation or heating in practice [51]. These nanoemulsions are highly
beneficial for pesticide formulations due to their high stability and straightforward
preparation.

Consequently, there is currently a great deal of different commercial formulations
available [132]. However, there are several drawbacks to this kind of nanoemulsion
as well. For instance, they are expensive due to the sizeable amount of surfactant
needed (typically 20% by weight of the formulation), and only small amounts of
pesticide are added to the micelles [81]. A high surfactant concentration can expose
plants to unfavorable phytotoxicity, which is undesirable [67]. In addition, because
of their propensity to form micelles, the only appropriate surfactant systems are those
with a high level of repulsion. Formulation development is a time-consuming process
because the ideal combination of surfactants and co-surfactants varies depending on
the pesticide that needs to be emulsified. This causes the ideal combination to change
from formulation to formulation [94].

Unlike thermodynamically stable nanoemulsions, kinetically stable nanoemul-
sions form in environments where surfactant molecule aggregation into micelles is
energetically unfavorable (such as with lower concentrations or weakly repellent
surfactants). Kinetically stable nanoemulsions are almost entirely insoluble in pesti-
cides. The water, pesticide, and surfactant combine to form a biphasic system at the
outset, with the surfactant molecules preferentially accumulating at the pesticide-
water interface. The system is subjected to shear (such as mixing), which blocks
mixing due to interfacial repulsion. As a result, the pesticide phase becomes frag-
mented into droplets, and the surfactant coats each droplet. Larger pesticide droplets
are stretched as this emulsion degrades further, becoming capillary unstable and
fragmenting into smaller droplets. This procedure occurs until nanoscale pesticide
droplets form [128]. Due to the nanoemulsion’s higher free energy than the stirred
state, these nanoemulsions are thermodynamically unstable.

Consequently, the Ostwald ripening process plays a significant part in separating
the droplets from the aqueous phase. Surfactant on the droplet surfaces, however,
creates an energy barrier that prevents mixing and slows down these processes. As a
result of the fact that the pesticide droplets in the nanoemulsion in this scenario will
continue to be dispersed for a sizeable amount of time, it has been determined that they
are kinetically stable. This stability can last several years with considerable energy
barriers (greater than 20 kT), which is sufficient for most practical applications [53].
Due to eliminating the need for micelles, kinetically stable nanoemulsions can be
formulated with significantly less surfactant (5-10% by weight of the formulation)
than thermodynamically stable nanoemulsions. This is because kinetically stable
nanoemulsions do not form micelles. In addition, a broader selection of surfactant
systems is available for use [94].
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Many processes, such as ultrasonication, high-pressure homogenization, phase
transition, and phase inversion temperature, fall into high-energy mixing methods.
The coarse emulsion is mixed using the ultrasonication method, which involves using
high power and ultrasonic frequencies to stir a vibrating solid surface. Due to cavita-
tions, which are caused when tiny liquid-free bubbles form and burst, the emulsion
droplets are broken up by powerful shock waves and fast-moving liquid jets. Because
the sound field that is emitted is typically not homogeneous, it is frequently necessary
to recirculate the emulsion. This aims to give each droplet the maximum shear rate
possible [91]. Even though this method is typically used in laboratories, it is chal-
lenging to scale it up to create pesticide nanoemulsions in commercially viable quan-
tities [135, 136]. By utilizing a high-pressure positive displacement pump capable
of operating at up to 2000 atmospheres, the emulsion of water, surfactant, and pesti-
cide that has been previously prepared is pushed through rigid microchannels with a
width of approximately 100 pwm. The emulsion droplets produce very small droplets
in the submicron range due to the excessive collisions, hydraulic shear, cavitations,
and intense turbulence resulting from this. A homogeneous nanoemulsion is then
produced by filtering the bulk emulsion to remove large droplets. It is recommended
that the emulsion be prepared using high-volume pesticide fractions and then diluted
to boost the emulsification process’s efficacy. Despite the possibility of coupling,
more surfactant is added to stop it [87]. This technique is used in the lab and industry
to create nanoemulsions [91]. Research in recent years has aimed to develop several
low-energy emulsification techniques for dispersing non-polar liquids as nano-sized
droplets to avoid the drawbacks associated with mixing with excessive shear. The
primary goal of these strategies is to modify the hydrophilic-lipophilic balance (HLB)
or other conditions that affect the solubility of surfactants, such as temperature and
composition. To that end, these methods employ various means to promote the forma-
tion of droplets on the nanoscale. Compared to high-energy methods, these tend to
have lower costs,however, their development is significantly more difficult [11].

Using the temperature-dependent solubility of nonionic surfactants, phase inver-
sion temperature is a low-energy method for reducing the size of pesticide droplets
in an emulsion. The emulsion’s phase is altered (especially that of polyethoxylated
surfactants) to achieve this. This procedure begins with creating a coarse O/W emul-
sion with a nonionic surfactant. This step is followed by Stage 2. Heating the emul-
sion increases the solubility of the nonionic surfactant in the pesticide phase and
decreases solubility in the aqueous phase (reducing HLB). The pesticide droplets’
size is also diminished simultaneously (to create more surface area to accommodate
the surfactant). At the phase inversion temperature, an O/W emulsion changes into
a W/O emulsion, and the surfactant preferentially becomes soluble in the pesticide
phase (also abbreviated as PIT). If the temperature rises, the water droplets’ size will
continue to grow. The smallest droplet size is reached at temperatures just below
the PIT. These minuscule droplets, though, are unstable and coalesce very quickly.
Stabilizing the resulting nanoemulsion by rapidly cooling (to temperatures at least
20 degrees below PIT) increases fluid viscosity and decreases the rate at which pesti-
cides diffuse through water. This slows the rate of aggregation and Ostwald ripening
[61].
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Nanoemulsion-Based Pesticide Agrochemical
Formulations
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Fig. 3 Diagram of the production process for pesticide formulations based on nanoemulsions that
have enhanced their physicochemical and biologic activities [102]

The phase transition method alters the environment to encourage the formation
of pesticide droplets just below the temperature of PIT. A surfactant and pesticide
are combined first. Then, water is added slowly to dilute the surfactant concentration
and increase the ratio of pesticide to water, resulting in a practical solution [44].

The PIT for the emulsion shifts as a result of the gradual shift in composition that
occurs while the temperature remains the same in this scenario.

To use the emulsification method (a water-soluble chemical and a pesticide),
a mixture of pesticide, surfactant, and co-solvent must be prepared. After contact
with water, an O/W nanoemulsion will automatically form independently. While
intense fundamental research is still being done on the specific mechanisms these
nanoemulsions produce, the “diffusion and envelopment” mechanism is currently the
most widely accepted for self-emulsification [96]. There is mixing when this mech-
anism is set in motion, and the cosolvent diffuses into the aqueous phase, where it
takes up some of the pesticides (forming a three-component phase near the inter-
face). This is because the co-solvent continues to diffuse and dilute into the aqueous
phase, rendering it incapable of retaining the pesticide in its dissolved state within
the tricomponent phase. Thus, this pesticide causes the surfactant to supersaturate
and separate from the water as nano-sized droplets, which are then quickly stabilized
by the surfactant at the interface [80]. As shown in Fig. 3, nanoformulations’ supe-
rior physicochemical and biological activities cause the properties mentioned above
[102].

4.5 Advantageous of Nanoemulsion-Based Pesticide
Formulations

The following benefits have increased interest in the use of nanoemulsion-based
pesticides in agricultural farming:
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1. Protects against hydrolysis and oxidation in the oil phase of O/W, and the
nanoemulsion is impervious to water and air.

2. A high surfactant concentration is required to keep the microdroplets stable in

producing a nanoemulsion.

Enhance the absorption rate in plant foliage.

Increases biodegradability.

5. Using nanoemulsions to develop lipophilic active-loaded formulations for pest
control has significant promise.

6. The effectiveness of antimicrobial activity against microbial pathogens was
changed by putting pesticides into nanoemulsions.

7. The nanoencapsulation method has the potential to enhance physicochemical
qualities and stability by allowing water dispersibility, decreasing volatility, and
shielding the substance from the environment.

8. The composition and concentration of the components used to generate
nanoemulsion systems determine the range of flexibility in particle size and
stability that may be produced with these agrochemicals.

9. Most research findings have demonstrated that pesticidal activities perform
effectively in nanoemulsion-based formulations.

10. They have shown low toxicity against humans, mammals, and the environment.

> w

S Biological Properties of Nanoemulsion-Based Pesticides

Using synthetic pesticides is the most favorable method to protect the economically
important crop from pests, weeds, plant parasitic nematodes, and fungi. Pesticides
include fungicides, insecticides, nematicides, bactericides, and herbicides. Nonethe-
less, the use of synthetic chemicals is not suitable for the environment and human
health. Biopesticides, including plant source-based and biocontrol microorganism-
based, are highly desirable and more beneficial for crop protection. Nanomaterials
have novel physical, mechanical, and chemical action [73]. Nanoparticles that come
in contact with biological substances can receive a protein coating, which is called
the corona effect, that results to enhance the interactivity of the nanoparticles with
the cells modifying their mechanism of action in biological substances and having
the capability to create toxicity [36, 82].

Much research has been put into establishing nano-based non-synthetic pesticides
to benefit economic production by raising yield [65].

Nanoemulsions in pesticide formulation prevent plant disease from affecting
economically significant crop yield and production. Nanoemulsions act as an agent
that carries and transport biologically active metabolites and agrochemicals toward
the target pathogen or phyto-pests [43]. The attractive physiochemical property of
nanoemulsion is that a tunable nano size has developed a big surface area, enabling
the functional mixture’s emergence, uptake, and accumulation to be highly effective
than their counterparts [43]. To obtain better kinetic stability [56], slight surface
tension, and better wettability for improved leafage adhesion [145] and enhance
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the dissolution and solubility of imperfectly water-soluble agrochemicals the active
ingredients must be incorporated into the nanoemulsion. It can also work as a
coating sheet for pesticides, providing ample protection from photodecay [105].
It was determined that antimicrobic nanoemulsions are many sturdy oil-in-water
emulsions with nanometer-sized droplets (positively charged) consisting of exten-
sive properties against fungi, bacteria, and viruses [103, 135, 136]. To effectively
reduce plant diseases, nanoemulsion should be used for biologically active pesti-
cides. The common pesticides nanoemulsion formulations are functional chemicals
that can kill fungi (Fungicides), destroy insects like snails and slugs (insecticides),
kill nematodes (nematicides), and kill weeds (herbicides) [102].

5.1 Nanoemulsion as Fungicidal Agents

Diaz-Blancas et al. [34] determined the use of the fungicide TBZ (Tebuconazole) as
a nanoemulsion formulation for agricultural applications. TBZ consists of average
leaching potency into groundwater [34]. It is a long-lasting pesticide with an adsorp-
tion constant K, (for organic carbon) range of about 803 and 1251 ml/g [98]. The
systemic action mechanism of TBZ permits it to be consumed by plant roots and
leaves to prevent the formation of ergosterol. This kind of impediment averted the
synthesis of pathogens on the cell wall and reduced the germination of germ tubes
[90]. [2] characterized and formed Eugenol nanoemulsion antifungal activities using
Tween 20 (non-ionic surfactant) with water as a continuous aqueous phase on cotton.
In vitro, antifungal assay demarcated that Eugenol nanoemulsion inhibits the growth
of Fusarium oxysporum f. sp. vasinfectum (which causes Fusarium wilt on important
crops). Eugenol can inactivate important enzymes, which act on the cell membrane or
interfere with nucleic acid activity [68]. Eugenol also blocks the ergosterol synthesis
[30]. Nanoemulsion of Eugenol impedes radial growth and pigmentation, and sporu-
lation of the pathogen [2]. Its mechanism of action is involved in the distortion of
fungal mycelia. It has antimicrobial action against variable food-borne microbes
[47], fungi toxigenic fungi [97], and phytopathogens [139]. Lemongrass and clove
oil-based non-ionic nanoemulsion suppressed the growth and development of the
vascular wilt-causing fungal agent Fusarium oxysporum f. sp. lycopersici [124]. Da
Silva et al. [125] demonstrated that Eugenol nanoemulsion could be a secure formu-
lation for use in farming and not cause a depletion of cell viability, DNA damage,
and reactive oxygen species production. Also, they did not present ecotoxicity to
Folsomia candida.

5.2 Nanoemulsion as Nematicidal Agents

Plant parasitic nematodes damage various economically important crops worldwide.
Itis very difficult to control nematodes; using insecticides is a good tool against them,
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but it has several negative impacts on living organisms and the environment. Devel-
oping an alternative pest management strategy that is equally effective as a synthetic
pesticide and remains safe for the environment is essential. The greatest energy tech-
nique is characterized by its speed and efficiency in producing nanoemulsion with
nano droplet diameters and small size dispersion [46]. Much research demonstrated
that monoterpenes (the primary component of essential oils) are potent antibacterial
agents in nanoemulsions [4, 5]. The nematicidal activity of a few nanoemulsions of
monoterpenes, namely cinnamaldehyde, citral, geraniol, (R)-carvone, and pulegone,
highly reduced egg hatching and increased juvenile mortality of root-knot nematode,
Meloidogyne javanica [3]. The nematicidal activity of nanoemulsion dramatically
impedes root galls, egg masses, and the population of M. javanica. The mode of
action of monoterpenes and essential oils on nematodes is unknown (Abdelrasoul
and Habashy 2021). However, many volatile oils have been found to exhibit carcino-
genic activity in Drosophila melanogaster by activating octopaminergic receptors
and destroying GABA receptors [38, 70]. Monoterpenes nanoemulsion enhances the
mechanism of action of defense-related enzymes like polyphenol oxidase and perox-
idase in tomato plants inoculated with M. javanica (Abdelrasoul and Habashy 2021).
Therefore, monoterpenes nanoemulsion provides resistance against phytonematodes.
Nanoemulsion obtained from Citronella oil potentially suppressed the development
of the nematode population as effectively as a synthetic carbofuran-killed nematode
[35].

5.3 Nanoemulsion as Insecticidal Agents

To control pest and insects, the use of pesticides effectively eradicate insects pest but
harmful or toxic to the environment. Ecofriendly substances attract much attention
as an alternative to pesticides, and plant-derived products can produce defensive
action against insecticides. Nanoemulsion obtained from the crude extract of fruits
of Manikara subsericea effectively controls the cotton pest known as Dysdercus
peruvianus. Essential oils significantly impact several stored grain insects by contact
[20] and reacting by ingestion [40]. Nanoemulsion positively affects essential oils
by improving their physical stability, bioactivity and water diffusion. The bioactivity
and persistence of volatile oil nanoemulsion from Pimpinella anisum provide an
innovative strategy for managing Tribolium castaneum, an economically important
stored grain pest, and for managing many insects attacking stored products [55]. The
fruits of Pimpinella anisum is a rich source of essential oils (Anisi aetheroleum) and
proved to have an anti-convulsant, neuroprotective, anti-ulcer and anti-inflammatory
response [60]. The chemical composition shows the presence of phenylpropanoids,
with (E)-anethole (1-methoxy-4-(prop-1-enyl) benzene), p-anisaldehyde, chavicol
and (E)-pseudoisoeugenyl 2-methylbutyrate [59]. The essential oil of P. anisum and
(E)-anethole were found to be very effective against larva as well as mature insects
[114, 115] and showed fumigant impact on larvae of Lycoriella ingenua [111]. They
displayed great efficacy on the Filariasis vector Culex quinquefasciatus [18], and
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displayed strong contact noxious impact against both sexes of Blattella germanica
adults [146]. Aniseed oil-based nanoemulsion of P. anisum provides insecticidal
bioactivity. [99] reported that the increased toxicity of garlic oil nanoemulsion might
be due to the increase in the emulsion droplet’s surface area, which leads to increased
biological action and become more acricidal than normal emulsion. Nanoemulsion
of Mentha longifolia oil increases the toxicant effect against Ephestia kuehniella and
boosts the oil persistence time [86]. M. longifolia composed pulegone, p-menthan-
3-one-cis, 1,8-cineol, p-menthan-3-one-trans and P-pinene have great insecticidal
properties. The ecofriendly nanoemulsion technique can be applied in storage houses
to conserve foodstuff from insect damage [86].

5.4 Nanoemulsion as Herbicidal Agents

Herbicides are used to control undesirable plants (weeds). For example, Glyphosate
[N-(phosphonomethyl) glycine] is a non-selective foliage-sprayed herbicide to
manage monocotyledonous and dicotyledonous weeds species [122]. Glyphosate
plays a major role in preventing the biosynthesis of phenylalanine, tryptophan
and tyrosine (aromatic amino acids) by ceasing the shikimate pathway, deacti-
vating 5-enolpyruvyl shikimate-3-phosphate synthase to slow down weed growth
[130]. To minimize synthetic herbicides, the essential way is to help penetrate func-
tional ingredients into leafage [63]. Nanoemulsion-based herbicides can increase the
bioavailability of glyphosate, as the hydrated herbicide does not absorb, translocate
and penetrate well into the waxy sheet of leaves [63]. They examined that green
nanoemulsion formulation with water-soluble glyphosate effectively controls Eleu-
sine indica. Natural herbicide nanoemulsion of Satureja hortensis actively eradicated
two weed species: Chenopodium album and Amaranthus retroflexus. S. hortensis
majorly contains chemical constituents such as y-terpinene and carvacrol, which
have herbicidal activity due to their phytotoxic effect [56] (Table 3).

6 Conclusion

Nanotechnology facilitates the production of active substances with nanoscale
dimensions. Nano-pesticides offer various benefits beyond their mass equivalents,
including (i) secure and straightforward management and less toxicity to non-target
organisms, (ii) Higher pesticide effectiveness as a result of the regulated release
and consistent surface distribution, (iii) reduced pollution and costs attributable to
lower pesticide and toxic solvent concentrations. Nanopesticide formulations are
regarded as an efficient method of pest control. Nanoemulsion is a feasible nanofor-
mulation that can enhance pesticide formulations’ consistency, water dispersion, and
bioactivity because nanoemulsion formulations may promote efficacy and eliminate
synthetic pesticides. In the past few years, nanoemulsions have gained widespread
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Table 3 Biocidal activity of various phytonanoemulsions-based pesticides
Nanoemulsion Biocidal activity Pathogen Key
source references
Allium sativum Acaricidal Eriophydae (eriophyid olive mites) [99]
Azadirachta Insecticidal Culex quinquefasciatus [10]
indica (larvicidal)
A. indica, A. Insecticidal Rhopalosiphum padi and Myzus [112]
sativum, Lippia persicae
sidoides
Ba-har essential | Fungicidal Aspergillus niger, Colletotrichum [41]
oil gloeosporiodes, Penicilium
chrysogenum
Bio-silica and Nematicidal (Meloidogyne spp.) [35]
Citronella
Carum copitum Insecticidal Sitophilus granaries and Tribolium [155]
confusum
Chitosan coated | Nematicidal Bursaphelenchus xylophilus [144]
nanoemulsion
Cleome viscosa Fungicidal Candida albicans [72]
Cocos nucifera Herbicidal Diodia ocimifolia [147]
Cymbopogon Insecticidal Aedes aegypti [106]
Eucalyptus Insecticidal Tribolium castaneum [110]
globulus
Eugenol Fungicidal Aspergillus niger, Penicillium sp., [2]
Rhizopus sp.
Eugenol and Fungicidal Glomerella cingulata [125]
Mancozeb
Jatropha curcas | Insecticidal Periplaneta americana [109]
Mentha longifolia | Insecticidal Ephestia kuehniella [86]
Nanoemulsion Fungicidal C. albicans, C. tropicalis, Microsporum |[103]
(X8W60PC) gypseum, Trichophyton mentagrophytes,
T. rubrum, Fusarium oxysporum,
Aspergillus fumigatus
Pimpinella Insecticidal Tribollium castaneum and Culex pipiens | [69, 104]
anisum
Satureja hortensis | Herbicidal Amaranthus retroflexus and [56]
Chenopodium album
Thymus and Nematicidal and Meloidogyne javanica [54]

Mentha spicata

Fungicidal
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popularity as a water-insoluble pesticide delivery technology due to their excellent
efficiency, eco-friendliness, and safety.
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Abstract The toxicity of synthetic pesticides and herbicides to plants, soil, and
the environment has raised consumer concerns; hence, innovative techniques are
required. Plant growth-promoting rhizobacteria (PGPR) are particularly promising
for using natural microbial-based biofertilizers to solve this enduring problem among
many recognized systems. Moreover, PGPR can enhance plant productivity and
protectivity through various direct and indirect methods, including the production of
growth hormones, the development of siderophores, the solubilization of minerals,
and the induction of systemic resistance. Based on its smart formulation process
and advertised benefits for the environment and human health, nanotechnology is
presently being used as a continuous and perpetual agricultural delivery system. The
introduction of nanotechnology-based delivery technologies has improved PGPR.
As nanoemulsions (NE) have a lower manufacturing cost and a simpler process than
other delivery methods, itis the optimal carrier for a large-scale system. Because of its
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enhanced dispersion, increased solubility, greater bioavailability, controlled release,
and stability, the NE-based delivery technique was chosen in this instance. This makes
PGPR more effective and can enhance agricultural operations and food production.
This chapter focuses on the potential of the use of nanoemulsions PGPR formulation
for improved agricultural and environmental sustainability. This technique can fully
meet the future demands for food.

Keywords Plant - Rhizobacteria - Growth promoting - Nanoparticle -
Nanoemulsion - Green chemistry

1 Introduction

Nanoemulsions (NEs) are dispersed particle aggregates utilized for delivery, clin-
ical aids, and biotechnological use in medicines, toiletries, medication therapies,
and diagnostics [2]. In order to improve the transport of active substances into a
system, NEs, having a size of 20-200 nm, are utilized. With the help of emulsi-
fiers such as surfactant and co-surfactant, two immiscible liquids are combined to
produce a homogenized phase of Nanoemulsions [53]. Nanotechnology is being
used in agriculture, which provides the potential role in increasing crop yield, plant
protection, identification of plant diseases, and surveillance of growth of the plants.
It also monitors the soil quality and pesticides in the soil [67]. Due to the limits of
traditional agricultural technologies, i.e., global urbanization, deforestation, a lack of
space, and water shortages, endangers the ecosystem. Like soil degradation, limited
irrigation and the use of synthetic insecticides for agricultural purposes have signif-
icantly expanded in recent years, which is not a sustainable approach for soil and
plants. In order to decrease the frequent use of chemical fertilizers and pesticides in
farming without negatively influencing the environment, these bacteria are a great
option. Natural microbial-based biofertilizers have become more widespread among
the various tried-and-true techniques because of the significant rise in the usage
of synthetic pesticides for agricultural purposes in recent years. When it comes to
natural plant-based products utilization for the formation of fertilizers, Nanoemul-
sion is an excellent option for this. Rhizobacteria have long been known to stimulate
plant growth, provide protection from diseases, and lessen the burden of repeated use
of chemical fertilizers, insecticides, and herbicides. Plant growth-promoting micro-
bial agents collaborating with Nanoemulsion is a prominent technique to resolve this
ongoing concern (Fig. 1).

Bacteria that aid in plant growth by phosphates dissolution induce hormone
production and assimilate nitrogen via using their metabolism can directly affect the
metabolism of plants. Additionally, PGPR enhances plant nutrient and water uptake,
enhancing root growth, boosting enzyme catalytic activity, and showing antimicro-
bial properties against various pathogens [59]. Nanotechnology-based delivery tech-
nologies have enhanced PGPR. Due to their improved distribution, increased solu-
bility, greater bioavailability, controlled release, and stability, NE-based administra-
tion systems can improve agricultural operations and food production. This increases
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Plant growth
enhancement

Fig.1 Overview of NE synthesis from plants

the effectiveness of PGPR. Moreover, As NE has a lower manufacturing cost and a
more straightforward distribution mechanism than other delivery systems, it is the
optimum carrier for a large-scale system. The potential applications of NEs in devel-
oping PGPR for improved agricultural and environmental sustainability are the main
topic of this chapter [54].

2 NE Synthesis

Top-down and bottom-up approaches are different methods utilized in the formu-
lation of nanomaterials [3, 34]. According to its name, top-down methods create
nanoscale materials by breaking them down into macro- or micro particles. In
contrast, bottom-up methods assemble atomic particles to create nanoparticles by
bringing the particles from the atomic level to the nanoscale level (Beer and Singh;
[32, 33]. In terms of total size, both procedures result in the formation of 100 nm
particles. Some of the advanced techniques of lithography that are being applied
in top-down methods include optical, electron beam, scanning probe, soft nanoim-
print, and copolymer lithography. At the same time, some other techniques char-
acterized bottom-up are nano-layer aggregation, molecular self-assembly, sol-gel
nano-formation, DNA-scaffolding for nanoelectronics, and vapor-phase deposition
[3] (Table 1).

NEs are made by combining a liquid with an immiscible phase that has a typical
size of 100 nm. Small size increases surface area, optical transparency, and kinetic
stability [25]. A three-part NE system consists of an aqueous phase, a surfactant,
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0il water emulsion Water oil emulsion

. Hydrophilic head group

Hydrophobic group

Fig. 2 Water in oil and oil in water NE illustration

and oil. Depending on how these components are arranged, there are several kinds
of NEs, for example, oil in water, water dispersed in oil, and bi-continuous NE. Oil
dispersion in water refers to the droplets of oil being spread in water, whereas “water
in oil” refers to the opposite of it, in which droplets of water are spread into the
regular oil phase [5] (Fig. 2). In bi-continuous NE, oil domain and water domain
remain dispersed within a system.

There are two main methodologies for synthesizing NEs, one is low energy
method and another is high-energy method. Various techniques can implement them,
including solvent displacement, phase inversion temperature (PIT), high-pressure
homogenization, micro fluidization, and ultrasonic emulsification [36].

The transformation of macro emulsions into NEs demands much energy in
the high-energy method. The high-energy categories include micro fluidization,
ultrasonication, and high-pressure homogenization.

When using inexpensive energy techniques, the system moves with less interfacial
tension and needs less energy as an input. Phase inversion method, bubble bursting,
evaporative ripening, and hydrogel methods are concluded in low energy methods
[50].

3 Properties of Nanoemulsion

NEs are kinetically stable liquid-in-liquid dispersions with droplet diameters of
around 100 nm. Because of their small size, they have beneficial qualities like a
high surface area per unit volume, long-lasting stability, optical transparency, and
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tunable rheology. Biocompatibility, low toxicity, non-immunogenicity, drug entrap-
ment, broad surface area, nanoscale size, long-term and restricted release, ther-
modynamic stability, and simple formulation mode are remarkable properties of
Nanoemulsions, which make them feasible delivering agents (S., Ahmed, and Rama-
lingam 1AD). NE is used in several sectors, including medicines, food, cosmetics,
drug delivery, and material development.

NEs exhibit several special physicochemical characteristics and functional char-
acteristics. Compared to conventional emulsion compositions, they may have better
physical stability, increased oral bio-occurrence, and distinct textural properties. The
droplets that are the building blocks of NEs having their unique properties such as
their constitution, morphology, accumulation state, and surface characteristics; apart
from these properties, NEs themselves have some physicochemical properties like
optical, rheological, and stability properties making them more sufficient for future
applications in various fields. To maximize their potential, many researchers have
been modifying these features [25]. Engineering Nano emulsions could enhance the
bioavailability of bioactive compounds.

Furthermore, some researchers highlight the relationship between Nano emul-
sions’ structure and function. The surfactant utilized affected the physical stability
of the emulsions. For example, stability could be enhanced by Soy lecithin < Tween
20 < Whey protein isolate in increasing order, according to an article [21].

4 Applications

4.1 Application of Nanotechnology in Agriculture

The world’s population is expanding and increasing the demand for food. Current
agricultural practices must be improved to feed the growing population [9]. One of
the most promising technologies is nanotechnology, which can potentially increase
agricultural output with effective pesticides and herbicides, regulation of soil features,
wastewater management, and disease identification. Enhanced food production with
good market value, heightened nutritional and sensory properties, improved safety,
and better antimicrobial protection are all advantages of industrial food processing.
Using nanoparticles to extend the shelf life can also help decrease post-farming
losses.

Due to their stability and cautious usage in the biological system, nanoparti-
cles are produced by using green and microbial synthesis processes [27, 28, 29,
30, 62, 63, 31], Bachheti et al. (2022). Nano-persuade polysaccharide powder for
condensation detention and soil assemblage, nano-seed stimulation, slow-moving
and constant release of pesticides, the regulated delivery of nutrients from nanofer-
tilisers, the development of nano condensed herbicides, and the regulated out of its
active constituents, nano alleviation of soil and marine pollutants, and production
of nano-films for long-term storage are some advanced research areas that primarily
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focus on nanoparticle synthesis. While nanotechnology goods and their manufac-
turing are not adequately regulated, this can lead to serious health and environmental
risks [20].

A recent development in precision farming is nanotechnology. In addition to
helping with the systematic use of natural resources like water, nutrients, and other
essential substances, Nano sensors may be used to determine the need for fertilisers
and pesticides in every area of agricultural land. It aids farmers in carrying out
adequate agricultural land maintenance. Farmers and farm managers may remotely
access agricultural pests, weeds, or any signs of biotic and abiotic stress using nano-
materials and GPS (Global positioning system) and manage the crop as necessary
[46, 60, 38, 39, 47]. Agriculture mostly uses bio-nanosensors and electrical-nano
biosensors. Certain nanosensors have been created to test the microcystin toxicity
caused by cyanobacteria, which is harmful to human health and agriculture [60].

Conventional fertilizers and pesticides are extensively used for plant growth and
disease control, but around 90% of applied fertilizers get wasted due to runoff and
other activities. To overcome this problem, nano fertilizers are very effective as
they are more environmentally safe and efficient even in small quantities [60]. Nano
fertilizers or nano-encapsulated slow-release fertilizers are also used to save fertilizer
exhaustion and decrease environmental pollution [39]. With the help of nanotech-
nology, modification of the genetic material of the crop plant is also possible, which
can give another aspect for crop improvement [46].

Nanoformulations enhance solubility and stimulate the active components in a
regulated manner. It enhances the functioning of nano pesticides, decreases the chem-
ical dose, and simultaneously increases sustainability listed in (Table 2) [67]. These
formulations are widely used in the pesticide and agrochemical industries to develop
NE and nanocapsules containing active components. Some common metal oxide
nanoparticles (ZnO, TiO,, Cu, and SiO,) are used in pesticides and fungicides to
protect and develop plants [61].

4.2 Nanotechnology and PGPR

Plant growth-promoting rhizobacteria (PGPR) are well studied for their phyto stim-
ulatory actions on seed and crop in combination with a physiological aspect such as;
asymbiotic N, fixation, production of phytohormones [indole-3-acetic acid (IAA),
cytokinin and gibberellins]. They are free-living, soil-born, and root-colonizing
bacteria, playing a significant role in the conservation of soil quality, plant pathogen
control, nutrient cycling, ecosystem functioning, and crop yield. With the advance-
ment of nanotechnology, nanoparticles are instigated in the environment because
of a number of human and anthropogenic activities. They are immensely resistant
to degradation, and due to this, they accumulate in water bodies and soil. Devel-
oping new types of analytic tools using nanotubes, nanowires, fullerene deriva-
tives, and quantum dots for biotechnology and agronomy has received extensive
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recognition among the scientific and industrial community. Although Ecotoxicolog-
ical properties and associated risks of the nanoparticles are not clearly understood,
some recent studies put forward the effect of nanoparticles on microorganisms. As
many nanoparticles are described to have antimicrobial activities, they directly affect
the soil microorganisms when entering the soil environment [58]. Titanium dioxide
nanoparticles (TiO,NPs) significantly inhibit PGPR of three groups: nitrogen fixers,
phosphate solubilizers, and biofilm formers. NPs had more inhibitory effects on gram-
positive bacteria, giving a clue that bacterial cell walls might have a significant role in
the toxicity of TiO, NPs [11]. One more study was done on the same group of bacteria
(nitrogen fixers, phosphate solubilizers, and biofilm formers) and showed the bacte-
ricidal effect of silver nanoparticles. Zinc oxide nanoparticles showed bacteriostatic
effects [14] (Table 3).

Though the effect of nanoparticles on living entities remains, they produce reactive
oxygen species (ROS) and oxidative stress, which can explain the toxicological
effect of nanoparticles on living organisms. The introduction of nanotechnology
in agriculture is still developing, so some guidelines and precautions are required
for their use and the development of new green nanotechnologies and other future
inventions. Understanding all the aspects of nanomaterials and their eco toxicological
effect is required before their applications [58].

Table 3 PGPR used to alleviate stress and its application

PGPR Abiotic | Plant Application Key

stress reference
Azotobacter PGPR Trachyspermumammi | Enhance essential oil yield, [26]
chroococcum with increased total phenolic, and

slight flavonoid content, and

drought increased antioxidant activity

stress
Bacillus PGPR Zea mays L. PGPR alleviate salt stress and | [6]
mycoides PM35 | with salt enhance plant growth,

stress including enhanced

production of indole acetic
acid, siderophore, ACC
deaminase, and
exo-polysaccharides

Enterobacter PGPR Zea mays L Multi-stress resistance for [6]
cloacae PM23 with salt both biotic and abiotic
stress stresses, attenuate salt stress

through up-regulation of
stress related genes, increase
plant growth, biomass and
chlorophyll content




Plant Growth-Promoting Rhizobacteria Nanoemulsion and Their ... 135

4.3 Plant Membrane Absorption of Nanoparticles
and Possible Consequences

After they have penetrated the plant, nanoparticles can move across tissues through
either the apoplast or the symplast. Apoplast transport occurs outside the plasma
membrane through extracellular spaces, neighbouring cells’ cell walls, and xylem
vessels. In contrast, synplastic transport involves the passage of water and materials
between the cytoplasm of cells through specialized structures called plasmodesmata
and sieve plates. The apoplastic channel is crucial for radial movement inside plant
tissues. It enables nanoparticles to enter the vascular tissues and root central cylinder
for the continued ascent of the aerial portionNanoparticles, can follow the transpi-
ration stream into the central cylinder, and then proceed through the xylem and into
the aerial portion. To enter the xylem through the root, the Casparian strip, a barrier
to the apoplastic route, must be passed in a symplastic fashion via endodermal cells.
The Casparian strip can stagnate and collect some nanomaterials.

Another important symplastic transport is also feasible, allowing distribution to
tissues and organs that are not photosynthetic using the sieve tube components in
the phloem. In the case of foliar sprays, nanomaterials must get through the cuticle’s
barrier by either taking the hydrophilic or the lipophilic path. Although the lipophilic
pathway necessitates diffusion via cuticular waxes, the hydrophilic pathway is carried
out through polar aqueous pores found in the cuticle and stomata [8, 51]. Endocy-
tosis is the mechanism that can cross the cell membrane barrier and can lead to
the cellular uptake of small nanoparticles. Phagocytosis, pinocytosis, and receptor-
mediated endocytosis help cellular uptake of the nanoparticles. The substance can
also cross the membrane through diffusion, but nanoparticles are relatively larger
for diffusion. Therefore, phagocytosis and pinocytosis are the commonly reported
mechanisms for the cellular uptake of nanoparticles. For pharmacological purposes,
we sometimes need to target the non-phagocytic cells. Therefore, for cellular uptake
in non-phagocytic cells, particle size should be around 50 nm. Charges on particles
(positive or negative charge) also enhance cellular uptake of cells. Positively charged
particles are taken up more rapidly only when their absolute values are equivalent
[18].

5 Conclusion and Future Prospects

Given that 46% of our country’s population relies directly on agriculture, agriculture
plays a significant part in the country’s economy. Indian Agriculture’s Economic
Contribution in 2022 according to the most recent data for 2020-21, agriculture
contributed 19.9% of India’s GDP, a rise from 17.8% in the prior session, 2019—
20. Nanotechnology is an amazing combination of science, engineering, and tech-
nology with many applications in many areas of human life, including agriculture.
The synthesis of NEs using plant systems offers a feasible and environmentally
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friendly method. On the other hand, plant growth-promoting bacteria can directly
alter plant metabolism, stimulate plant growth, and use their metabolism to solubilize
phosphates, create hormones, and fix nitrogen.

When both these systems are merged for plant growth, they act as nanofertil-
izers and show a significant potential to operate as powerful antimicrobial agents
to stimulate plant development. In order to limit the use of chemical fertilizers and
pesticides without negatively affecting the environment or losing yields, farmers
can greatly benefit from these NEs. Global concerns about potential adverse health
effects, the emergence of antibiotic resistance, and environmental contamination have
been raised by the usage of synthetic chemicals in agriculture around the world. It has
become the most need for sustainable development in agriculture to use biological
or eco-friendly alternatives to combat above mentioned global issues.
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Abstract According to the World Health Organization, bacterial, viral, fungal, and
parasitic infections result in millions of fatalities worldwide. There needs to be more
than existing treatments to treat many microbial infections. Nanoemulsions have
demonstrated positive antibacterial effects on microorganisms such as bacteria, fungi,
and viruses. When two immiscible liquids (water and oil) are combined to form a
single phase using a suitable surfactant with a size distribution between 20 and
100 nm, a thermodynamically stable isotropic system is created called a nanoemul-
sion. Nanoemulsions can be synthesized from oil obtained from fish, sunflower,
soybean, algae, flaxseed, olive, safflower, or corn because they are inexpensive and
have good nutritional value. The antibacterial properties of nanoemulsions made
from eugenol, thymol, geraniol, and menthone essential oil have been investigated for
gram-positive and gram-negative bacteria species.Different mechanisms of action,
such as rupturing cell membranes, lowering proton-motive force, or interfering with
important metabolic processes, were examined to treat nanoemulsions’ antibacterial
properties. Research results showed that the nanosize characteristics of nanoemul-
sions provide great potential for antimicrobial applications to treat various fungi
species such as Cladosporium sp., Fusarium sp., and Penicillium sp. as well as
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methicillin-resistant bacteria species such as Staphylococcus aureus, and Strepto-
coccus pyogenes. Overall, this chapter provides a complete and up-to-date overview
of how nanoemulsions are utilized to treat microbial infections and how they could
be employed to develop novel antimicrobial drugs.

Keywords Antimicrobial activities + Nanoemulsion - Formulation of
nanoemulsions

1 Introduction

A nanoemulsion is a heterogeneous system made up of two immiscible phases, one
of which is an oil phase and the other an aqueous phase. The droplet size ranges
from 5 to 200 nm. It is transparent, optically clear, and has a steady thermodynamic
state [1]. High-energy processes, including high-pressure homogenizers, high-shear
agitation, and ultrasound generators, create Nanoemulsions [2].

There are three different kinds of nanoemulsions, such as water in oil in water,
oil in water, oil in water in oil, and water in oil, depending on their composition.
The main distinction between emulsion and nanoemulsion is that the latter is ther-
modynamically and kinetically stable, whereas the former is unstable. In contrast to
clear and translucent nanoemulsions, emulsions are hazy. Emulsions need a lot of
energy input; however, nanoemulsions can form with or without a lot of energy input
(sometimes spontaneously) [3]. Emulsions are less free-energy than nanoemulsions
and have a smaller surface area to volume ratio. Compared to nanoemulsion, emul-
sions require a higher amount of surfactant to be prepared; for example, 20-25%
surfactant is added, whereas 5—10% surfactant is added in the case of nanoemulsion
[4]. Ostwald ripening is an important mechanism of nanoemulsion disintegration [5].

The physicochemical characteristics of nanoemulsions for use in practical appli-
cations are intriguing because of the long-term stability of nanoemulsions and the
very smaller size of droplets. [6], used nanoemulsions drug delivery system in the
agricultural sector for controlling pesticides, as well as for the protection of antimicro-
bial, antibiofilm, and medication delivery purposes in cosmetics and food industries
(Fig. 1) [7]. In cosmetics as drug carriers for personal care or skin care products [8],
as well as in pharmaceuticals as a matrix for encapsulating the bioactive chemicals
desired for formulation without alcohol [9].

Nanoemulsions are widely employed for various purposes, including vaccines,
DNA-encoded drugs, antibiotics, cosmetics, and topical pin oils. The primary distinc-
tion is reparations, which can be administered through various channels, including
oral, pulmonary, ocular, and transdermal [10, 11]. There are several possible bene-
fits of nanoemulsions over emulsions for encapsulating functional lipophilic compo-
nents. Nanoemulsions’ tiny droplet sizes considerably slowed down the rate at which
destabilizing processes including gravity separation, flocculation, and coalescence
took place. The fact that nanoemulsions are transparent or only mildly cloudy due
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to the small droplet size is another possible benefit [12]. The industries of pharma-
ceutical, food, and cosmetics may find nanoemulsions to be more advantageous than
traditional emulsions in terms of their high bioavailability, low turbidity, sterilization
by filtration, and strong physical stability. Pharmaceutical companies use nanoemul-
sions as delivery systems for drugs and other lipophilic bioactive substances, food
companies use them for flavours and antimicrobials, agrochemical companies use
them for water-insoluble pesticides, and the cosmetics industry uses them for skin-
care and other personal care products [13, 14]. Nanoemulsions are the most cutting-
edge nanoparticle methods for the systemic delivery of active pharmaceuticals for
regulated or sustained medication delivery and targeting [15].

Forming new antibacterial agents to combat drug-resistant bacteria is difficult but
also crucial and essential. Researchers have attempted to produce nanoemulsions
with desirable antibacterial characteristics and numerous potential targets or sophis-
ticated processes. The bacterial cell membrane contains charged lipids with strong
electrostatic attraction and excellent binding efficiency [16]. The nanoemulsions that
comprise antibacterial nanodroplets have healthy-promoting bioactive chemicals in
their core and charged lipids in their outer shell layers. Colloids of tiny droplets make
up nanoemulsions, which exhibit persistent physicochemical characteristics over an
extended period [17]. Herbal plant oil nanoemulsions exhibit extensive antibacte-
rial properties. Because they damage the bacteria’s outer membranes, they repre-
sent a new class of antimicrobials for treating Gram-positive and Gram-negative
bacterial infections [18]. This book chapter’s goals is to examine a nanoemulsion’s
antibacterial properties.
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2 Formulation of Nanoemulsions

Nanoemulsions are immiscible liquids made of oil and water blended into a single
phase with the help of an emulsifier like co-surfactants and such surfactants.
Combining these substances gives the emulsion excellent thermodynamic stability
and other physicochemical qualities. These emulsions are W/O or O/W emulsion
systems with droplet dimensions between 50 and 1000 nm with nanometer-sized
particles (Fig. 2) [19]. Water-in-oil (W/O) or Oil-in-water (O/W) emulsions that have
been this equilibrated are known as nanoemulsions. A water phase, an oil phase,
and an emulsifier make up a typical nanoemulsion [20]. An emulsifier lowers the
interfacial tension between water and oil phases when present in modest amounts,
making it easier for emulsions to form [20]. Emulsifiers also assist in stabilizing
Nanoemulsions [21]. The three ingredients above’ physicochemical characteristics
have a significant role in creating and maintaining nanoemulsions. The widest range
of commercial goods uses O/W nanoemulsions. The O/W nanoemulsions particles
have a core—shell design where a core made of lipophilic material is covered by a
shell made of surface-active amphiphilic material [22].

Oil-in-water nanoemulsions are colloidal dispersions containing oil droplets that
have a diameter of 200 nm or less and are kinetically stable/thermodynamically
unstable [23]. One of two procedures—Ilow-energy or high-energy techniques—can
be used to make them [24]. The system’s intrinsic chemical energy is used in low-
energy operations, either with or without mild agitation, to create tiny oil droplets

Oil

Hydrophobic tail

Fig. 2 Water-in-oil and oil-in-water emulsions [19]
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[25]. On the other hand, sonicators, microfluidizers, and high-pressure homogenizers
use powerful disruptive forces to separate the oil and water phases to produce tiny
oil droplets [24, 25]. Although the low-energy approaches usually require a large
amount of synthetic surfactants, they do not require any particular equipment [26].

2.1 Oil Phase

The chemical stability, interfacial tension, refractive index, polarity, density, water
solubility, as well as viscosity, and of the oil phase have a considerable impact on the
characteristics of Nanoemulsions [27-29]. Mineral oils, wax, triacylglycerols (TAG),
diacylglycerols (DAG), monoacylglycerols (MAG), and free fatty acids (FFA), and
various lipophilic nutraceuticals can all be used to create food-grade Nanoemulsions
[22]. The most popular TAG oils used in nanoemulsions are those extracted from,
safflower, fish, sunflower, algae, olive, flaxseed, corn, or soybeanor because they are
inexpensive and have good nutritional value [22].

2.2 Agqueous Phase

Water can be combined with various alcoholic solvents, minerals, different acids,
proteins, carbohydrates, and other polar molecules, which can then create food-
grade Nanoemulsions [28]. The choice of the aqueous phase largely influences the
physicochemical characteristics of the synthesized nanoemulsion.

2.3 Stabilizers

One of the most crucial things to consider for the efficient creation of nanoemul-
sions is the selection of the appropriate stabilizer since stabilizers impact Nanoemul-
sions’ long-term stability [20, 28, 30]. Stabilizers include, among other things, emul-
sifiers, ripening inhibitors, and texture modifiers. Emulsifiers are the stabilizers
in nanoemulsions that are most frequently used. Proteins, polysaccharides, small-
molecule surfactants, and phospholipids are a few emulsifiers that can be added
[31].
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3 Antimicrobial Application of Nanoemulsions

3.1 Antibacterial Activities

As aresult of improper and inappropriate usage of antibacterial drugs by patients and
healthcare personnel, antibacterial resistance is quickly emerging in bacteria [32].
Novel antibacterial and antifungal drugs are urgently required to address the inef-
fectiveness of currently available pharmaceutical treatments, which is brought on by
the rise of bacterial and fungal strains that are becoming more and more resistant. As
a basic material for antibacterial activity, nanoemulsion is crucial. The antibacterial
characteristics were determined using a well diffusion approach of Cinnamomum
Cassia L. essential oil nanoemulsion, towards the gram-negative bacterium such
as K. pneumonia. With a MIC of 0.025%, the nanoemulsion exhibited the highest
level of inhibition against K. pneumonia. The remarkable antibacterial effects of
Cinnamomum Cassia essential oil nanoemulsion are probably caused by their small
size, low zeta potential (-5.00 mV), and the arrangement of plant bioactive compound
[33]. These results confirmed that the concentration of Cinnamomum Cassia essen-
tial oil nanoemulsion and the size of the inhibitory zone that results from it have
a linear connection [34]. Raghupathi and colleagues’ findings suggest that using
particles with small dimensions can considerably reduce the growth of bacteria [35].
According to research by [36], the proportion of bacteria destroyed by a specific
particle rose in direct proportion to its size.

According to a study by [37], eugenol nanoemulsions made using a high-speed
shearing process showed significant suppression of Escherichia coli and Staphylo-
coccus aureus. SEM pictures of both bacteria treated by the nanoemulsion revealed
severe deformation and membrane disruption. Thymol, an element of plant essential
oils, was used to create an antibacterial nanoemulsion in the study [38]. Sonica-
tion was used to create the emulsion. Cryo-FESEM, TEM, FTIR spectroscopy, and
DLS were used to analyze the nanoemulsion. Dilution stability, pH value, and the
creaming index were also researched for practical use. The result showed that nano-
scale thymol could be a potential antimicrobial agent. In a different investigation, the
antibacterial effectiveness of thymol nanoemulsion and thymol towards C. perfrin-
gens, E. coli, and S. aureus were examined over the course of four weeks on a
sausage product. The zeta potential of the droplets formed from thymol nanoemul-
sions -0.86 mV, the smaller size of 86.39 nm. Thymol’s MBC and MIC values were
roughly twice as high as those of thymol-nanoemulsion [30]. In the research of [39],
nanoemulsions were formed from eugenol oil for antibacterial activities, with lecithin
and gum arabic serving as food-grade natural emulsifiers. Their research compared
the effects of freeze-drying and spray-drying on the dispersibility and morphology of
nanoemulsion powders. Investigations were done into the best production technique,
stability, antibacterial activity, and physicochemical and structural characterization.
As a co-surfactant, ethanol was added to the aqueous phase mixture containing 0.5%
gum arabic, 0.5% lecithin, and 1.25 percent eugenol oil to form the nanoemulsions,
which had a particle size of 103.6 nm (Fig. 3).
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Fig. 3 Formulation of Cedrela odorata essential oil and its larvicidal effect against Spodoptera
frugiperda [40]

The ability of Bergamot essential oil to preserve food is widely documented.
Unfortunately, the low bioaccessibility and low solubility ofwater-made bergamot
essential oil have restricted its use in other contexts. The conversion of Bergamot
essential oil into nanoemulsions was examined to improve its water dispersibility
and promote its antibacterial activity against Saccharomyces cerevisiae, Escherichia
coli, and Lactobacillus delbrueckii. Mung bean, alfa seed, broccoli, and radish seeds
contaminated with Salmonella enteritis and Escherichia coli were demonstrated to
be efficiently inhibited by carvacrol nanoemulsions made using this technique [41].
Interestingly, the antibacterial activity of all the studied oils was greatly increased
by applying Bergamot essential oil Nanoemulsions [42]. One study used medium-
chain triglyceride and Tween 80 as the surfactant and co-surfactant to generate
Geraniol nanoemulsions through spontaneous emulsification. Analysis was done
on the droplet’s physical and chemical characteristics, such as stability, viscosity,
PDI, appearance morphology, zeta potential, pH, contact angle, and average particle
size. The outcomes demonstrated that nanoemulsions’ zeta potential was -17.95 mV,
with a particle size of 90.33 £ 5.23 nm, and PDI value of 0.058 having encapsula-
tion efficiency greater than 90%. The produced Geraniol nanoemulsions are fairly
stable in long-term storage at 4oC at a pH of 5. Moreover, Geraniol nanoemulsions
had a larger inhibition property on Salmonella typhimurium, Staphylococcus aureus,
Escherichia coli, and Listeria monocytogenes [43].

Citrus canker is a bacterial disease that affects citrus crops brought on by
Xanthomonas microorganisms, significantly harming citrus production. In order
to control citrus canker, nano emulsification can be used instead of utilizing the
antibacterial activity of natural substances. The antibacterial properties of nanoemul-
sions based on the main components of essential oils eugenol, thymol, geraniol, and
menthone were examined against two strains of Xanthomonas that cause citrus canker
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in the research of [44], The outcome shown that faster agitation, smaller particle size,
and greater stability all boosted the nanoemulsions’ antibacterial efficacy.

Although eugenol is a versatile plant essential oil, its use is severely constrained by
its high volatility and limited water solubility. By using a high-speed shearing process,
[19] created eugenol nanoemulsions to solve this issue. The best formula was found
to contain 5% (w/w) oil phase (eugenol) and 8% (w/w) surfactant (Tween-80), based
on eye inspection and a range of characterizations, including confocal laser scan-
ning microscopy and dynamic light scattering. The optimal shearing time was also
found to be 5 min. The idealized nanoemulsion exhibited homogeneous dispersion,
small (85 nm) droplets, and good stability. The nanoemulsion effectively inhibited
Staphylococcus aureus and Escherichia coliat, a concentration of 0.02 mg mL -1.

Many antimicrobial nanoemulsions essential oils can be produced based on the
type and placement of the antimicrobials they include (Fig. 3). First off, the oil
phase itself might be naturally antibacterial. Second, an inert oil phase may allow a
polyphenol or other lipophilic antimicrobial to degrade, for example, corn oil. Fourth,
ananoemulsion might incorporate various antimicrobials in various places, resulting
in a highly effective formulation. Lastly, an antimicrobial emulsifier may create and
maintain the nanoemulsions. Various methods, such as short molecular diffusion
or collisions, can transfer antimicrobial substances from nanoparticle surfaces to
microbial ones [45] (Fig. 4).

3.2 Antifungal Activities

Synthetic fungicides are thought to be the most efficient treatment for various
fungal illnesses. Their prolonged use, nonetheless, has brought about unfavorable
pathogen resistance. Also, their residues in soil and food harm both the environ-
ment and humans [46, 47]. As a result, researchers are working to create alterna-
tive, eco-friendly, and safe antifungal substances, including nanoparticles made of
particular vegetable oils or plants [48]. An investigation into the antifungal prop-
erties of a nanoemulsion made from Crofon cajucara essential oil was done. The
aqueous phase of the Croton cajucara nanoemulsion was created using an ultrasonic
processor. The best Croton cajucara nanoemulsion antifungal activity was discov-
ered against Candida albicans and Mucor ramosissimus, with MIC result of 12.2 and
25.6 g/mL, respectively. At pH 3 and pH 4, respectively, Mucor ramosissimus and
Candida albicans showed the highest extracellular protease activity (Azevedo et al.,
2021b). The study deals with formulating and characterizing a bio-based oil-in-water
nanoemulsion [49]. DLC, stability tests, TEM, and TLC, were used to characterize the
synthesized eugenol oil nanoemulsion. The Z-average diameter of the nanoemulsion
droplets was determined to be 80 nm, and a TEM investigation confirms the spherical
shape of the eugenol oil nanoemulsion (EON).In vitro and post-application on Minas
Padro cheese [50] assess the antifungal efficacy of nanoemulsions containing oregano
essential oil (Origanum vulgare). The phase inversion temperature approach was used
to produce nanodispersions. The genera Cladosporium, Fusarium, and Penicillium
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were isolated and tested for antifungal activity from cheese samples. It was deter-
mined that oregano essential oil in nanoparticle form inhibited the three kinds of
fungi tested. They could be a substitute for protecting Minas Padro cheese against
fungus infection.

Infections associated with food provide significant problems to pathogenic and
spoilage fungi. Traditional emulsions made from plant essential oils have antifungal
properties [51] use a nanoemulsion of Cleome viscosa essential oil to examine the
antifungal spectrum. The essential oil nanoemulsion was evaluated towards the food-
borne pathogenic C. albicans at the lowest inhibitory and fungicidal concentration.
The biofilm of C. albicans isolates was significantly reduced by the MFC and MIC
values, which varied from 16.5 to 33 ml/ml.

To stop the Penicillium verrucosum fungus from infecting maize seeds, [52]
produce Cold-pressed Nigella sativa-based O/W nanoemulsion and assess their
antifungal effectiveness. These formulations use emulsifying agents, including the
nonionic surfactants Tween 80 and Tween 20. Investigations were also conducted
into how these nanoemulsions affected plant physiological indicators. Dynamic light
scattering was used to examine how sonication time and the type of surfactant affected
the nanoemulsions’ zeta potential, polydispersity index (PDI), and mean droplet size
(DLS). The results showed high zeta potential between 27.24 to 48.82 mV, a small
particle size range between 168.6 to 345.3 nm, and an accepted PDI value between
0.181 to 0.353. This confirmed that the nanoemulsions are highly stable, and their
stability is strongly influenced by both the sonication period and emulsifier type.

4 Mechanism of Action of Nanoemulsion as Antimicrobial
Activities

Several studies have hypothesized different modes of action for the antibacterial
activity of nanoemulsion on bacteria, such as lowering the proton-motive force,
disrupting cell membranes, and interfering with important metabolic pathways [45].
According to a report, Linalool nanoemulsion shown antibacterial properties towards
Escherichia coli and Salmonella enterica. Its strong antibacterial activity character-
istics are attributable to the nanoemulsion’s high sterilization efficiency and quick
sterilization speed. The reason could be that nanotechnology enhances drug delivery
by making it easier for drugs to pass through the extracellular membrane and enter
cells [53]. Thymus daenensis essential oil nanoemulsion antibacterial activity towards
Escherichia coli was noticeably superior to that of pure essential oil, leading to a fast
and larger and exceed the amount of leakage of intracellular nucleic acids, potassium,
and proteins [54]. Due to the tiny emulsion droplet size and larger nanoemulsions
surface area, the antibacterial activity of herbs like peppermint, clove, cinnamon,
lemongrass, and thyme were greater than those of the essential oils themselves[55].
The antibacterial effect of a medicine cannot always be enhanced through nanoemul-
sion production, but also associated with rupturing the bacterial species’ outer
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membrane. For instance, in the research of [56], it was found that Linalool nanoemul-
sion was highly detrimental to the outer membrane of A. hydrophila, and TEM
observed the leaking of sizeable amounts of internal contents. This cell membrane
rupture harms the bacteria since it prevents the bacterial membrane’s regular func-
tion of transporting materials [57]. Based on the results of SEM and TEM, their
theory proposed that when the cell wall and membrane were disrupted by Linalool
nanoemulsion, the intracellular material was initially ejected outwards, leading to
the cells’ collapse.

Subsequently, the exterior water started to seep into the cells, causing them to
expand, and eventually, the loss of water caused the cells to become entirely distorted.
Because of this antibacterial mechanism, linalool nanoemulsion should be employed
as a promising antibacterial agent.

5 Conclusion and Future Prospects

The chapter on nanoemulsion’s antibacterial activity emphasises the technology’s
potential for limiting a variety of microbial diseases. Numerous microorganisms,
such as bacteria, fungi, viruses, and protozoa, have been proven to be resistant to
nanoemulsions. The small droplet size, high surface area to volume ratio, and higher
solubility of antimicrobial agents in nanoemulsion are some of its distinctive features
that contribute to its enhanced antibacterial activity. Research findings indicated
that nano-size properties of Nanoemulsions gave an excellent potential for antimi-
crobial applications to treat methicillin-resistant bacteria species such as Staphylo-
coccus aureus (MRSA), Streptococcus pyogenes and different fungi species such as
Cladosporium sp., Fusarium sp., and Penicillium sp. the nanoemulsion antimicrobial
action can be affected by the type, concentration and drop size of nanoemulsions. The
antimicrobial activities of nanoemulsion are due to several nanoemulsion treatment
mechanisms such as cell membrane damage, a reduction in proton-motive force,
and interference with important metabolic pathways. Nanoemulsion’s potential for
usage in antibacterial applications is promising for other application such as food,
medicine, and cosmetics. The usage of nanoemulsion in antimicrobial applications
is expected to increase in the upcoming years as scientists continue to experiment
with new formulations and use for this technology.
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Abstract Lung cancer, a collection of dangerous malignant tumours, is one of the
major contributors to new cancer cases and cancer-related mortality. Lung cancer
has a bad outcome and a relatively low life expectancy due to late detection and
the lack of effectiveness of traditional therapy. Thus, drug delivery techniques that
might prevent harm to healthy cells, increase treatment effectiveness, and serve as
imaging instruments are receiving much interest. Unique drugs based on nanoscales
have been created due to advances in material science, giving patients with lung
cancer fresh hope. Because of their outstanding capacities to dissolve polar anti-
cancer drugs, high thermal stability, bioactivity, and target ability, nanoemulsions
(NEs) represent a viable platform for cancer treatment. In the continuous phase, NEs
may be able to do various tasks with their submicron dispersed colloids, which helps
overcome biological barriers that prevent traditional chemotherapeutic drug delivery
from reaching the target area of lung cancer. By modifying it to target the cancer
cells’ surroundings better, surface-engineered NE, combined with chemotherapy, can
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transform the way lung cancer is treated. This chapter aims to give an overview of
the role of nanoemulsion in lung cancer treatment.

Keywords Lung cancer - Nanoemulsions in treatment + Traditional treatment -
Clinical aspects + Commercialisation

1 Introduction

People in both industrialized and developing nations are affected by cancer, which
has emerged as one of the most important and significant health challenges world-
wide [11, 22]. Lung cancer (LC) is one of the scariest diseases malignancies, has
a substantial death rate, and is the main factor in fatalities due to tumours.LC, the
greatest killer in men, is the second-highest mortal threat for women after breast
cancer [19]. Genomic instability comes from lung damage brought on by an over-
whelming chronic inflammation and the absence of repair mechanisms for injured
cells, which in turn leads to LC [28]. It may be divided into primary and secondary
cancers. Small-cell lung cancer (SCLC), non-small-cell lung carcinoma (NSCLC),
mesothelioma, sarcoma, and carcinoid are the diverse types of lung carcinoma based
on histological analysis. The most prevalent LCs are SCLC and NSCLC, which
account for about 90% of all cases, while other types have been uncommon [41].
The four more NSCLC subtypes are squamous cell carcinoma, Pancoast tumour,
adenocarcinoma, and large-cell undifferentiated carcinoma [29, 32]. An aggressively
expanding tumour known as SCLC is classified as a combination of small-cell and
"oat cell" cancer. The main pathogenesis-related variables for LC include smoking
behaviours, heredity, urbanism, and external conditions (such as exposure to arsenic,
toxins, and asbestos) [16, 31]. The World Health Organization (WHO) reported that
2.21 million new instances of LC were detected in 2020 alone, resulting in 180
million deaths(Cancer, n.d.). By 2035, it is anticipated that up to 3 million people
will have died from LC [1].

The cornerstone of current treatment plans has been using traditional methods such
as chemotherapy, radiation, and surgical resection, independently or in combination
[14, 34]. However, with such conventional therapeutic approaches, serious adverse
effects are frequently recorded. Furthermore, radiation harms the surrounding healthy
cells; as aresult, It should not be used as the first course of therapy for individuals with
already severely compromised pulmonary systems since this might result in a loss of
lung function [13, 26]. The three chemotherapy drugs for LC that are most frequently
prescribed are carboplatin, paclitaxel, and gemcitabine. Because of their severe side
effects on the patient, these medications only have a limited therapeutic efficacy [19,
25]. The focused and effective drug delivery toward the tumour site while preventing
adverse systemic reactions is another significant problem in treating LC [33]. Using
a more effective treatment strategy and an improved security profile, it is possible
to administer chemotherapeutics directly to cancer cells; nanotechnology has intro-
duced various unique approaches. Many nano-carriers have been investigated and
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created better to treat various disorders, including cancer therapy, including solid-
lipid nanoparticles, solid-lipid carriers, polymeric micelles, nanoemulsions (NEs),
nano-emulgels, liposomes, and nanoparticles [8]. Consequently, this chapter focuses
on using NEs for more accurate and successful targeting in the care of LC.

2 Lung Cancer

Inthe US and worldwide, LC continues to be the leading cause of cancer-related death
in both men and women. Smoking and using tobacco products account for around
90% of LC incidences. Nevertheless, other elements, including asbestos, radon gas,
exposure to air pollution, and chronic infections, may also play a role in the devel-
opment of LC. In addition, both acquired and inherited routes of vulnerability to LC
have been postulated. Small-cell lung carcinomas (SCLC) and non-small-cell lung
carcinomas are LC’s two main histologic subtypes. Each has a distinct pattern of
development and dissemination (NSCLC). Surgery, radiation, chemotherapy, and
targeted therapy are all options for treating LC. Among many other things, the
kind and stage of cancer affect the indicated therapeutic techniques. The regula-
tory networks that control normal cell growth and homeostasis are compromised in
LC cells. Various genetic and epigenetic changes are believed to cause a benign LC
phenotype to become cancerous, which then progresses to invasive cancer through
clonal proliferation [30]. The procedures of penetration, metastasis, and suscepti-
bility to anticancer therapy are all impacted by the ongoing accumulation of genetic
and epigenetic aberrations accumulated throughout clonal proliferation following the
start of the initial malignancy [30]. These molecular alterations must be identified
and characterized for improved disease prevention, early detection, and treatment.
Understanding the traits of the tumour and the patient’s genetic composition will
considerably improve each patient’s individual prognosis and recommended course
of treatment. Despite advances in diagnosis and therapy over the past 25 years, the
outlook for those with LC remains grim. Even for the most firmly attached tumours,
conventional treatment is now ineffective. However, a deeper comprehension of the
biology behind these complex tumours may create more effective and individualized
therapies [23].

2.1 Traditional Treatment for Lung Cancer

1. Non-small cell lung cancer (NSCLC), which represents 85% of all subtypes of
the condition, must be handled seriously since it is the most common kind of
LC and the major cause of cancer-related fatalities that pose a severe danger
to public health globally [3]. The standard of care for NSCLC has produced
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outstanding clinical outcomes based on, among other modalities, surgery, radi-
ation, chemotherapy, targeted therapy, and immunotherapy[40] (Fig. 1). Tradi-
tional Chinese Medicine (TCM) may only be regarded as adjuvant therapy in the
usual treatment of NSCLC due to the absence of significant clinical research that
adheres to the concepts of evidence-based medicine and the limits of statistics.
While treating NSCLC, using both Chinese and Western therapies has yielded
good results. Moreover, it can lessen side effects while increasing the sensitivity
of chemotherapy and radiation (such as bone marrow suppression, nausea, and
vomiting). Combining chemotherapy with a Chinese herbal combination reduces
the toxicity of adjuvant treatment [38]. When used with platinum chemotherapy
as opposed to platinum chemotherapy alone, astragalus-based Chinese medicine
lessens the side effects of platinum chemotherapy (such as neutropenia, nausea,
and vomiting). It is essential to remember that herbal astragalus therapy based on
symptom distinction is superior to astragalus oral medicine in terms of effective-
ness [39]. Eastern medicine Combining kangai injection with platinum-based
chemotherapy has the added benefits of improving clinical efficacy, reducing
side events, and regulating tumour immunity [24]. Additional substances like
FGS pods, Sun-Bai-Pi extract (SBPE) from traditional Chinese medicine, etc.,
can also enhance the effects of platinum treatment [21, 37]. Using a particular
strategy, such as the active flavone saponin made from Erigeron Breviscapus,
the lethal effects of cisplatin-induced apoptosis and autophagy may be lessened
via the ERK/p53 and c-met/AKT signalling pathways [35]. Additionally, TCM
maintenance treatment had such a greater 1-year rate of survival than mainte-
nance cancer treatment for those suffering from advanced NSCLC who have not
progressed after first-line chemotherapy [37]. It could have to do with control-
ling the blood’s level of dissolved cytotoxic T lymphocyte-associated antigen 4.
(sCTLA-4) [37].

3 Nanoemulsions in the Treatment of Lung Cancer

The bioavailability of chemotherapy drugs in the tumour microenvironment depends
on whether the targeting is active when NE is delivered intravenously (TME) [6,
27]. The complexation of 2-hydroxypropyl-cyclodextrin (HP-CD), lipoid E 80 (a
compound that improves permeability), and subsequent transient opening of cellular
tight junctions boost the bioavailability of injectable chemotherapeutics [20, 36].
The particular NE design is provided with hydrophobic or lipophilic chemothera-
peutics to create hydrophilic and lipophilic conditions. The systemic availability of
chemotherapy is eventually increased by this sort of NE design, which lowers hepatic
bypass, inhibits P-glycoprotein leakage, avoids drug breakdown in unfavourable
circumstances, and enhances mucosal penetration [6].

The anti-cancer drug doxorubicin is employed to treat several malignancies.
However, due to its wider dispersing special property and shorter half-life, it poses
arisk to healthy tissues. An ionic strength lapidated NE with a doxorubicin prodrug
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(DNE) with high biocompatibility was created. The mouse model experiment’s
bioluminescent results demonstrated a significant reduction of DNE in remote lung
metastases [9].

Paclitaxel, a popular semi-synthetic taxane chemotherapeutic treatment against
solid cancer, is only utilized in specific situations due to its poor solubility, inevitable
toxicities, and possibility for P-gp efflux by transporter proteins [10]. As a result,
formulation scientists are interested in innovative nanotechnological delivery strate-
gies since they increase this agent’s solubility to target cancer cells without causing
severe toxicities. Our team has disclosed a Novel approach to enhance the admin-
istration of paclitaxel to patients with breast cancer [7]. Using this approach, pacli-
taxel was more permeable from the Caco-2 cell monolayer, the IC50 value dropped
dramatically, DNA was fragmented, and the cytotoxicity was improved.

Using the rhizome of Curcuma longa, Chang and Chen produced a NE of curcum-
inoids while testing the NE’s potency against LC cell lines [5]. Two different cell
lines, including those from lung adenocarcinoma (A549 cells) and large lung carci-
noma (H460 cells), were treated with curcuminoids and NE of curcuminoids. The
scientists suggested a unique strategy for preventing tumour formation for several
carcinoma cell lines. It was shown that H460 cells were typically more prone to
apoptosis than A549 cells. Enhancing P21 suppression caused the G2/M phase of
the cancer cell cycle to be halted, reducing CDK1 and cyclin B interpretation. This
curcuminoid NE on H460 cells trial outcomes. These apoptotic pathways opened up
new possibilities for identifying other apoptotic pathways. Further research revealed
a dose-dependent increase in the expression of caspase-3, caspase-8, and caspase-9
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in proteins related to the cell cycle and apoptosis. Thus, it was shown that curcum-
inoid administration by NE to LC cells successfully triggered apoptosis, probably
through mitochondrial and death receptor pathways [5].

Liu et al. used a unique method to create water-soluble Quantum dots (QDs) by
trapping QDs in a phospholipid NE resembling the natural lipoprotein core. The
scanning pictures showed that QDs were exclusively present in the cell’s cytoplasm.
Although it was discovered that the fluorescence intensity was increased with an
incubation time of 4 h, indicating more cellular absorption by the cells, QDs were
dispersed within the H1299 LC cells. The outcomes demonstrated the potential of
QD-loaded nanoemulsions as adaptable probes for biological applications. There-
fore, it may be concluded that a NE platform might be investigated for the effi-
cient delivery of lipophilic chemotherapeutics, whether natural, semi-synthetic, or
synthetic.

4 Advantages of Nanoemulsions

Moreover, nanoemulsions are favourable because of their better drug bioavailability
and excellent therapeutic absorption due to their larger surface area. Moreover, it
shields the medication against oxidative and UV (ultraviolet) degradation, improving
the drug’s persistence in the composition [15]. The resilience of nanoemulsions to
fungi, viruses, and bacteria is another advantage [15]. While the small-sized globule
was easy to infiltrate into the skin through pores and hair follicles, less skin irritation
was observed whenever the mean droplet diameter was smaller. This is due to the
adjustable droplet size’s capacity to reduce the tendency for infiltration (where the
surrounding healthy tissues are undisturbed)[15].

5 Nanoemulsions for Lung Cancer: Clinical Aspects
and Commercialisation

Clinically, LCNE-based anticancer treatment would be advantageous because
tailored drug delivery increases medication efficacy while minimizing side effects.
In other words, safety and effectiveness both increases. Despite these benefits, the
“bench to bedside” road for LCNE-based treatment has not yet been completed.
The NE’s stability, sterility, and safety are key problems with cancer cell-targeted
NE that may have clinically significant effects [12]. Unstable nanoemulsions can
lose their functionality and cause undesirable side effects in some individuals. Main-
taining an aseptic environment for manufacturing nanoemulsions is difficult due to
the complicated manner of preparation. The inability to apply a dry heat or wet heat
approach also makes sterilizing the formulation difficult. Several targeting ligands
are now added to the standard emulsion ingredients as inactive additives to create
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nanoemulsions targeted explicitly to a cancer cell. Critical consideration must be
given to evaluating toxicity for those new inactive excipients. A poisonous substance
in a NE or an unsterile NE can cause several physiological reactions that are clinically
unfavourable and dangerous for the health of the patient. Manufacturing nanoemul-
sions incorporating anticancer agents is usually difficult in the development stage
because it requires reducing the globule size with the proper drug load and directing
the medication to the targeted tumour location. A number of challenges must be
overcome before it can go on to the preclinical or clinical stages, including immune
response, rate of system clearance, targeted effectiveness, and permeability to the
natural barrier [2]. A delivery method that targets LC using nanoemulsions has yet to
be commercially available. The research product may not always or in some cases be
able to address issues with diagnostic effectiveness and safety outcomes, the desired
configuration of the delivery mechanism and character traits, commercially relevant
production methods, adequate testing procedures for complex drug formulations, a
favourable pharmacological and toxicological profile, etc. [8].

6 Conclusion

Recent advancements in nanotechnology have broadened the field’s applicability to
the treatment, diagnosis, and prevention of cancer, despite the reality that LC is among
the primary reasons people die from cancer. Many studies have been conducted on
the newly developed field of NE in the treatment and diagnostics of cancer. Via
various administration methods, NE has been demonstrated to be an effective drug-
delivery technique that helps increase the bioavailability of chemotherapeutic drugs
used to treat this fatal illness. Even though many Chinese herbal medicines have anti-
cancer properties, we still need to learn more about the precise active substances and
distinct processes. In the area of research and development for cancer treatment, NEs
are gaining more and more attention., but several obstacles still need to be solved
to guarantee their safety and effectiveness as they go from the laboratory bench to
the patient’s bedside. Prior to considering their commercialization, it is critical to
address the following issues: the formulation’s stability properties, which guarantee
the chemotherapeutics’ biological fate; the excipients’ security profile, which ensures
patients safety against adverse side effects; their efficacy by precision and focused
carcinoma cell-specific ligands; and their cheap production-scale expansion costs for
NE.
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Abstract Breast cancer is the most prevalent malignancy in this group of patients
and is the second most deadly disease in women after lung cancer. Nowadays, surgery,
chemotherapy, or radiation are recommended to treat breast cancer. Many approaches
have been devised to address this clinical problem; however, they all have drawbacks.
The unforeseen side effects of the chemotherapy treatment and negligent harm to
both healthy and cancerous cells may be regarded as the reason. These challenges
fuel the urge to deploy cutting-edge therapy platforms to target cancerous cells.
The fundamental issues with traditional drug administration techniques have been
resolved by developing a novel medicine delivery technology. Emulsions created in
nanoscale diameters are known as nanoemulsions (NE) to improve the transport of
pharmacologically active compounds. Targeted delivery has a significant potential to
fundamentally revolutionize the way cancer is treated, according to the key targeting
techniques employed to deliver medications and are now being explored for many
of the reported NEs. The targeted delivery of pharmaceuticals via certain cellular
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markers may boost their potency and toxicity. A cancer therapy device’s efficacy is
determined by its capacity to shrink and remove tumors without causing harm to
healthy tissue. The extension and quality of the patient’s life are the ultimate goals of
cancer therapy. Because of their site selectivity, ability to overcome multidrug resis-
tance, and effective agent delivery, NEs significantly improve therapy. This chapter
aims to discuss the role of nanoemulsions in breast cancer treatment.

Keywords Breast cancer - Multidrug resistance + Nanoemulsions * Drug
delivery - Treatment

1 Introduction

Cancer is a diverse form of the disease that causes the body’s abnormal cells to grow
and divide out of control, causing it to spread to other bodily tissues [43]. The most
prevalent and second-most fatal kind of cancer in women globally is breast cancer
(BC). Each breast has lymphatic veins, small bean-shaped lymph nodes, and blood
vessels that link to them. The bulk of the lymphatic veins leaves the body through the
axillary and internal breast lymph nodes, which are situated in the under the armpit,
above the vertebral column, and in the chest near the borders of the breasts. The
predominant location of spread regionally in the metastases of the initial breast cancer
is often the axillary lymph nodes, which are found beneath the arm [30]. The tumor
mass turns malignant when tumor cells invade nearby healthy cells or metastasize
(spread to other body parts). Men still have a very tiny chance of having BC, even
though women are more frequently diagnosed with the disease [27]. A complete
or partial mastectomy, radiotherapy after a partial mastectomy, or breast-conserving
surgery are all options for treating breast cancer [27]. With millions of new cases
each year, BC has become one of the most harmful malignancies in recent years
[40]. According to data from worldwide cancer (GLOBOCAN), with a predicted
2.3 million new cases, or 11.7% of all cancer cases and 6.9% of all cancer deaths
globally, female BC will now overtake lung cancer as the top cause of global cancer
incidence in 2020 [41]. The greatest rates of breast cancer are found in Australia/New
Zealand, Western Europe (Belgium has the highest incidence), Northern America,
and Northern Europe, while the lowest rates are found in Central America, Eastern
and Middle Africa, and Southern Central Asia (40 per 100,000) [41]. The expected
mortality rate in developed nations went from 42,280 in 2019 to 43,780 in 2022 as
new BC cases increased from 2.6 lac to 3.3 lac in 2022 [7].

BC is treated using a variety of methods, like surgery, chemotherapy, radiation,
and hormone therapy. However, these methods are losing their efficacy as a result of
the rise of multi drug resistance (MDR) and its serious adverse effects [29, 31]. Phar-
maceutical formulations known as nanoemulsions (NEs) are made up of nanoscale
particles. Due to their hydrophobic core, they can encapsulate only weakly soluble
medications in water. They are a stable and secure choice for drug delivery because
they also contain safe gradient excipients. Using ligands of various types, NEscan be
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altered to target substances found on the surface of tumor cells or to go over MDR
defenses. Many researchers are studying multifunctional NEs in various scientific
fields, mainly for treating various cancers, including BC [35]. Nano sized oil-in-water
emulsions, the heterogeneous system made up of two immiscible liquids stabilized by
emulsifiers or surfactants, offer much potential in medicine because of their attractive
features for drug administration. It improves the skin permeability of oils, leading
to quicker, more complete absorption of cannabinoids into the bloodstream. Due to
its distinct physical characteristics, such as its exceptionally tiny droplet diameter,
remarkable optical transparency, and elastic properties compared to other traditional
emulsions [38], this drug delivery method has recently attracted interest. Because
of their tremendous potential to increase the bioavailability and effectiveness of
loaded medications while minimizing their adverse effects, NEs are employed in
drug delivery studies. Using Nigella sativa L essential oil, Periasamy and coworkers
developed a natural-based NE [15], might be a successful breast chemotherapeutic
agent. By promoting the death of MCF-7 BC cells, these NEs have anti-cancer capa-
bilities in vitro. In order to treat BC, NEs may help entrap active medications [15].
This chapter aims to educate readers on how BC can be treated with NE.

2 Pathophysiology of Breast Cancer

Although around 20-25% of BC patients have a favourable family history, only
5-10% of instances of BC have an autosomal dominant inheritance. Examples of
high-risk predisposition alleles that carry a 40-85% lifetime chance of getting BCin-
clude mutations in the BRCA1 and BRCA2 genes, the TP53 gene, the PTEN gene,
the Peutz-syndrome-causing STK11 gene, the Neurofibromatosis (NF1) gene, and
the CDH-1 E-Cadherin gene. BRCA1 and BRCA?2 mutations are linked to 50% of
BC risk syndromes. Harmful BRCA1 or BRCA2 mutations significantly increase
females’ risk of BC. The likelihood of acquiring BCover the course of one’s lifetime
varies depending on whether one carries the BRCA1 or BRCA2 mutation. A 20-40%
lifetime risk of BCis associated with moderate risk genes, which include homozygous
ataxia—telangiectasia (ATM) mutations, somatic mutations in the tumour suppressor
gene CHEK?2, BRIP1 and PALB?2 that act as BRCA1 and BRCA2 modifiers, and
others [37] (Fig. 1).

The discovery of BCsusceptibility genes has illuminated aspects of the etiology
of both hereditary and spontaneous BC. According to molecular research, there are
two distinct molecular pathways by which breast cancer develops, with the majority
of these pathways including ER expression, tumour grade, and tumour proliferation.
Gain of 1q, loss of 16q, atypical amplification of 17q12, and a gene expression profile
(GEP) with the majority of genes connected to the ER phenotype, diploid or nearly
diploid karyotypes, and low cancer grade are characteristics of the first route, the low-
grade-like pathway. The luminal A group and, to a lesser extent, the luminal B group
are included in this pathway. The second pathway, also known as the high-grade-like
pathway, is distinguished by the loss of 13q, the gain of the chromosomal region
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Fig. 1 Pathophysiology of breast cancer

11q13, the amplification of 17q12 (which contains the gene ERBB2, which encodes
HER?2), and the expression of a signature collection of genes connected to cell cycle
and proliferation [11]. This path includes moderate to high grade tumors, such as
TNBC and HER2-positive malignancies [22]. Detailed stage-specific symptoms are
tabulated in Table 1.

3 Prevalence/Epidemiology

According to the World Health Organisation (WHO), 2.3 million women will be
diagnosed with BC globally in 2020, which would result in 685 000 deaths world-
wide. With 7.8 million women still alive at the end of 2020 who had gotten a diagnosis
during the preceding 5 years, BC is the most prevalent disease in the world. BC is
the second most common malignancy in American women after non-melanoma skin
cancer. More than 4 million breast cancer survivors live in the US, including both
those who are now undergoing treatment and those who have already finished it. In
2023, 300,590 people in the US are expected to receive a BC diagnosis. The esti-
mated number of BC diagnoses in the U.S. in 2023 is 297,790, making it the most
common illness in American women. In the United States, a woman is given the
diagnosis every two minutes. 2,800 males will likely receive a BC diagnosis in the
United States in 2023. According to estimates, 43,700 Americans (43,170 women
and 530 men) will pass away from the illness in the U.S. in 2023 [4].

Plans to improve BC outcomes rely on the enhanced fundamental healthcare
system to deliver the medicines that are now shown to be successful. They are essen-
tial for treating different cancers and other non-communicable, non-malignant condi-
tions (NCDs) and possessing trustworthy referral networks, for instance, between
primary care institutions, district hospitals, and cancer centers.
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Table 1 Different phases of breast cancer and warning signs
Stage | Symptoms Key
reference
Stage | Breast tumors that have not spread, such ductal carcinoma in situ (DCIS) | [45, 39]
0 No evidence of malignant or abnormal non-cancerous cells protruding
from the breast tissue where they first appeared
Stage I | Breast cancer that is invasive [24]
The cancer has either not gone past the breast or has just slightly reached a
lymph node
Stage | The fatty tissue of the breast has been affected by cancer [24]
1A The tumor is about the size of a peanut in its shell
Stage | Just small amounts of cancer cells have been seen in a few lymph nodes [24]
1B
Stage | The cancer has spread or grown [14]
I
Stage | Demonstrates that any breast tumour is still extremely tiny [14]
ITA It’s possible that the lymph nodes don’t have cancer or that it has spread to
three or more
Stage | The size of the tumor is greater, falling between a walnut and a lime [14]
IIB
Stage | Cancer is regarded as advanced and more challenging to cure even when it | [26]
I has not spread to the bones or internal organs
Stage | Reveals the existence of up to nine lymph nodes from your armpit to your | [26]
1A collarbone that have been proven to be cancerous
It may have reached the deep breast nodules or enlarged them. Even when
the tumor hasn’t spread to the lymph nodes, there may be a large tumor in
the breast in some patients but not in others
Stage | Demonstrates that it has pierced your breast skin or the chest wall [12]
1B
Stage | Breast cancer cells have entered the lymph nodes that surround the breast | [5, 12]
v in addition to the breast itself. The most frequent sites are the lungs, liver,

brain, and skeletal bones. The word “metastatic” describes cancer that has
spread outside of the area of the body where it was first found

The WHO Global Breast Cancer Initiative (GBCI) aims to prevent 2.5 million
BC deaths between 2020 and 2040 by reducing the annual worldwide BC mortality
rate by 2.5%. By 2030 and 2040, respectively, 25% and 40% of BC deaths among
women under the age of 70 would be prevented if the worldwide incidence of BC
mortality could be reduced by 2.5% each year. Health promotion for early detection,
rapid diagnosis, and comprehensive BC management are the three foundations for
attaining these goals [3].
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4 Traditional Treatment of Breast Cancer and Drawbacks

Despite major advancements in BCtreatment, resistance to traditional chemother-
apeutic drugs which cause cancer to return and relapse remains the prime origin
of breast cancer-related fatalities. Resistance is innate or may be learnt. Never-
theless, certain cell-originating drug resistance factors in breast cancer that result
in drug resistance include P53, microtubules (MT), ATP-binding cassette (ABC),
human epidermal growth factor receptor 2 (HER?2), permeability glycoprotein (P-
£p), topoisomerase, and breast cancer type 1 (BRAC1) [25]. BC survivors frequently
experience the long-term side effect of cancer-related fatigue, which is defined as “a
severe, persistent, subjective feeling of physical, emotional, and/or cognitive fatigue
or exhaustion associated with cancer and/or cancer therapy that is not connected to
recent activities and impairs normal functioning.” Cancer-related fatigue can differ
from ordinary weariness in terms of its physical, cognitive, and emotional compo-
nents. It also appears to be more acute, enduring, and incapacitating. Depending
on the kind and stage of the disease, the treatment for BCoften combines surgery,
radiation therapy, chemotherapy, hormone therapy, and targeted therapy [6].

e Surgery: The first course of therapy for BC is frequently surgery, which entails the
removal of the tumour and any surrounding tissue. The two surgical treatments
that are performed most frequently are mastectomy (removal of the whole breast)
and lumpectomy (removal of the tumour and a narrow margin of surrounding
tissue [18].

e In radiation therapy, high-energy X-rays are used to kill cancer cells and shrink
tumours. It is typically used after surgery to get rid of any cancer cells that could
still be around and reduce the risk of a recurrence.

e Chemotherapy: Chemotherapy employs drugs to destroy cancer cells across the
body. It is typically used after surgery to get rid of any cancerous cells that could
still be around and reduce the risk of a recurrence. Additionally, it can be applied
prior to surgery to lessen the tumor’s growth and make removal easier.

e As certain BCare hormone-receptor positive, hormone treatment is utilized to
prevent the effects of oestrogen on breast cancer cells. To lower the chance of
recurrence, this kind of treatment is frequently utilized following surgery.

e Targeted therapy: Frequently used in conjunction with chemotherapy or hormone
therapy, targeted therapy employs medications that selectively target certain
proteins or genes in cancer cells.

The downsides and side effects of these medicines outweigh their potential
effectiveness in treating BC [34]. A few of these are:

e Surgery: Surgery can cause scars and alter the look of the breasts. It can also be
physically and emotionally unpleasant. In some circumstances, it could also be
necessary to remove lymph nodes, which raises the chance of lymphedema (arm
swelling) [44].

e High-energy X-rays: Radiation therapy can make you feel worn out, irritate your
skin, and harm your heart and lungs over the long run.
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e Chemotherapy: There are a number of adverse effects that chemotherapy patients
may have, such as nausea, vomiting, hair loss, exhaustion, and an elevated risk of
infection [44].

e Hormone therapy: Hormone therapy increases the risk of osteoporosis and can
result in hot flashes, dry vagina, and other side effects.

e Targeted therapy: Targeted therapy raises the risk of blood clots, diarrhea, and
skin rashes.

According to several studies, cancer patients and survivors report weariness that
is more intense and longer-lasting than people who have never had the disease [17].
With the hurdles of drug resistance and unavoidable side effects of cancer therapy,
NE technology comes to the rescue.

5 Overview of Nanoemulsions

Colloidal nanoparticles called NE are produced when water, emulsifying agents,
and oil are mixed. The size of nanoemulsions can vary from 10 to 1000 nm. Drug
nanocomposites are commonly made of nanoemulsions, which are solid spheres with
an amorphous, lipophilic surface and a negative charge. Three common types of
nanoemulsions can be produced because they are heterogeneous combinations of oil
droplets in the aqueous fluid that are dispersed with microscopic sizes: The oil in the
water NEs system, the water in the oil NE system, and the bi-continuous NE are three
examples of NEs that spread oil and water in aquatic settings [16]. Over most lipid-
based nanomaterials and nanoparticles, NEs have a number of benefits, including
optical clarity, thermodynamic stability, a high surface area, simplicity of manu-
facture, biodegradability, and the optimal pharmacological release profile [13]. The
study of membrane-modified nanoemulsions is broad. Co-delivery using nanoemul-
sions is one way to increase medication effectiveness and bioavailability. The findings
of tests on a NE drug carrier system, including paclitaxel PTX and spirulina polysac-
charides, revealed that it might enhance the anti-tumor effects of PTX by controlling
immunity via TLR4/NF-B signaling pathways [10]. A NE system including temo-
zolomide, rapamycin, and bevacizumab was developed to treat metastatic melanoma.
Parenteral dosing enhanced tumor relapse, migration, and angiogenesis inhibition
and boosted cytotoxicity against melanoma cells, according to in vitro experiments
employing human and animal cell models [9] (Fig. 2).

6 Nanoemulsion for Treatment of Breast Cancer

BC is the primary cause of cancer-related death in women worldwide. The cancer
microenvironment is composed of the extracellular matrix (ECM), fibroblasts, cells
of the epithelium, immune cell types, pericytes, adipocytes, glial cells (found only
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in the brain system), protein molecules, vascular cells, and lymphatic cells. The
tumour cells’ proliferation, structure, migration, invasion, and metastasis depend on
the ECM. These tumour cells have unique surface markers that can be targeted by
medications. When the cancer is less than 2.0 mm?, oxygen levels are maintained
by simple diffusion, but as the tumour grows bigger, the oxygen levels fall, leading
to hypoxia and the angiogenic formation of new blood vessels. Therefore, it is also
possible to reduce cell development by blocking the angiogenic process. Several anti-
angiogenic medications have been created in recent years, including bevacizumab (a
VEGF-neutralizing antibody), sorafenib (a VEGF signalling pathway blocker), suni-
tinib, and pazopanib. These angiogenesis inhibitors, however, are distinguished by
pronounced toxicity, increased resistance, and hurdles to drug delivery. Medication
toxicity can be decreased and payload delivery improved by using nanoemulsions to
encapsulate the medication within its core.
Here are a few ways that BCis being treated with nanoemulsions:

e Delivery of chemotherapy: Chemotherapy medications can be delivered directly
to cancer cells using nanoemulsions, boosting the drug’s efficacy while lowering
adverse effects. For instance, paclitaxel-loaded nanoemulsions have been demon-
strated to suppress the development of breast cancer in animal models [23].

e Targeted drug delivery: To deliver medications just to cancer cells, nanoemul-
sions can also be functionalized with targeting molecules, such as antibodies or
peptides. By using this strategy, therapeutic effectiveness can be improved while
toxicity to healthy tissues is reduced. To deliver doxorubicin to BC cells, for
instance, epidermal growth factor receptor (EGFR)-targeted nanoemulsions have
been created [36].

e Radiotherapy sensitization: By delivering radiosensitizing chemicals, such as gold
nanoparticles or oxygen to the tumour site, nanoemulsions can be utilised to
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sensitise BC cells to radiation treatment. This can improve radiation therapy’s
efficacy and lower the required dose, minimising negative effects [8].

e Imaging: To make it possible to see breast tumours, imaging agents like fluorescent
dyes or magnetic nanoparticles can be added to nanoemulsions. This can help in
the detection and tracking of the development of BC [20].

The primary therapeutic method to treatment, chemotherapy has been employed
either alone or in conjunction with other forms of therapy. Mitomycin C (MMC),
an alkylating drug and potential chemotherapeutic, has been utilized clinically for
patients with different forms of cancer [33]. However, the emergence of chemother-
apeutic resistance frequently limits the clinical efficacy of mitomycin C (MMC).
The therapeutic dosages of MMC also have limited drug accessibility to the target
tissue, necessitating a greater clinical dose that is restricted by extremely troublesome
systemic toxicities. A novel approach of incorporating the medicine into nanoemul-
sions (NEs) made with essential oils (ESSO) and manufactured by a high energy
process, using co- and surfactants, was presented to address the limitations of the
MMC. The therapeutic potential of ESSO of ginger (Gi) and frankincense (Fr) as
they function in chemoprevention and cancer suppression has led to their selection.
The active ingredients in ginger have been shown to target specific molecular proteins
in cancer cells, which has been shown to slow the growth and cause apoptosis in a
number of cancer types (Fig. 3) [21, 46]. It has been demonstrated that the bioactive
components of Fr oil serve as cytotoxic mediators against a variety of cancer cell
types. The genes that cause cell cycle arrest, cell growth inhibition, and apoptosis in
cancer cells have been shown to be powerfully activated by Fr oil [1].

Fr oil was selected for the study based on published research studies indicating its
exceptional therapeutic potential against BC. The impact of paclitaxel combined with
erucin (ER), a natural isothiocyanate isolated from Eruca sativa seeds, loaded in the
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formulation of frankincense oil-based NE. In comparison to ER and PTX used alone,
the combination of paclitaxel and erucin (EPNE) showed increased cytotoxicity
toward human epithelial BC cells (T-47D). Further testing of EPNE’s anticancer
effectiveness was done using a mouse BC model produced by 7, 12-dimethylbenz
(a) anthracene (DMBA). EPNE significantly decreased the levels of hepatic and renal
indicators in breast cancer animal models in addition to oxidative stress. Also, EPNE
found that the inflammatory cytokines TNF- and IL-6 were at reduced levels. In BC
mice treated with EPNE, histopathological analyses showed that the tumorous breast
had been converted back to normal tissues. As a result, EPNE is a promising lead
and therapeutic choice for BC resistant to treatment [19].

A natural substance called lapachol (LAP) has a number of biological character-
istics, including anticancer action. However, because of its poor water solubility and
probable negative side effects, its clinical applicability is constrained. Drug delivery
methods called NE can help provide hydrophobic medications by boosting their
bioavailability and shielding them from deterioration. In his work, Sued Eustaquio
Mendes Miranda and his team [28], said that the goal was to create an LAP-loaded
NE (NE-LAP) and assess its anticancer potential. In order to do this, a hot homog-
enization technique was used to create the NE. Cryogenic transmission electron
microscopy (cryo-TEM) was then used to characterize the NEs morphology. By using
DLS, the average diameter, polydispersity index, and zeta potential were assessed.
HPLC was used to gauge encapsulation effectiveness. Additionally, it was assessed
the drug release, hemolysis in vitro, and short-term storage stability. Additionally,
a BC(4T1) tumor model was used to assess the pharmacokinetic, toxicological, and
cytotoxic features of “™Tc-NE-LAP. The NE-LAP’s physicochemical characteriza-
tion revealed a homogenous stable NE with a mean diameter of around 170 nm, a
zeta potential of roughly -20 mV, and an encapsulation level of more than 85%, while
the cryo-TEM revealed spherical globules. Studies conducted in the lab proved that
encapsulation has no effect on LAP’s ability to cause cell death. The NE was effec-
tively radiolabeled, and the tumor-to-muscle ratio and sustained blood circulation
of #™Tc-NE-LAP both indicated that the NE was a good tumour ally. Additionally,
NE-LAP shown greater anticancer efficacy than the free medication, and the therapy
had no adverse side effects. As a result, these results imply that NE-LAP may be
regarded as a successful cancer therapy method [28].

Alhamdany [42] focused on their research on letrozole “LZ,” one of the best
aromatase inhibitors for BC therapy currently on the market. Moreover, it has drawn
interest since, compared to tamoxifen, it has shown a good safety and efficacy
profile. LZ works as a non-steroidal competitive aromatase enzyme inhibitor to
stop the conversion of testosterone to oestrogen. Moreover, it stops the enzyme
from functioning by binding to the heme portion of cytochrome P450, which lowers
the production of oestrogens in all tissues. The Biopharmaceutical Classification
System (BCS) classifies LZ as class II because of its poor water solubility, which
will reduce its bioavailability [42]. Oral NE formulations were explicitly developed
for chemotherapy drugs like paclitaxel to improve the drugs’ poorly water-soluble
drug bioavailability.
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The use of NEs must improve scientifically for patients with BC who have poor
prognoses and elevated recurrence stages, such as those with epidermal growth factor
receptor-2 (HER-2 + ) positive and triple-negative BC (TNBC). The effectiveness of
HER-2 targeting nano therapies based on HER-2 targeting ligands like trastuzumab
has dramatically enhanced the treatment of HER-2 + BC. To speed up the destruction
of cancer cells, trastuzumab activates immune effector cells that are responsible for
antibody-dependent cell-mediated cytotoxicity. It is frequently used either alone or
in combination with chemotherapy to improve the patient’s outlook and reduce the
risk of recurrence [32].

7 Conclusion

In recent years the use of NEs in the treatment of BC has shown encouraging and
hopeful results. In addition to better drug solubility and stability, targeted drug admin-
istration, higher bioavailability, and efficacy, NEs also provide a variety of benefits.
NEs overcome many of the limitations associated with conventional drug delivery
systems such as poor water solubility, low bioavailability, and rapid clearance from
the body. It is conceivable to increase the effectiveness of anti-cancer medications
while lowering their toxicity and adverse effects by utilizing these cutting-edge drug
delivery methods. Drug bioavailability may be improved via NEs, enabling more
precise and effective treatment. Further research is required to improve the formula-
tion and distribution of NEs being developed for the treatment of BC. The advantages
of this technology, however, should not be disregarded. By continuing to explore the
use of NEs in BC treatment, we may be able to improve outcomes for patients and
reduce the burden of this devastating disease.
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Abstract Cancer is one of the leading causes of death worldwide. Current
chemotherapy challenges the lack of selectivity, cytotoxicity, the development of
multi-drug resistance, and the proliferation of stem-like cells. One of the leading
causes of new cancer cases and cancer-related fatalities is a group of deadly malig-
nant tumors known as liver and gastric cancer. Advanced gastric cancer is clas-
sified as having liver metastases and is one of the deadliest conditions with a
dismal prognosis. As gastric cancer with liver metastases is incurable, systematic
chemotherapy is the primary line of treatment, although surgery is typically used to
relieve severe gastrointestinal symptoms. The main method for delivering various
medications, nucleic acids, and imaging agents is nanoemulsion (NE). Neverthe-
less, NE is created through many functions, including surface changes and the
encapsulation of active cancer-fighting substances. Because of their excellent char-
acteristics to solubilize hydrophobic chemotherapeutics, thermodynamic stability,
biocompatibility, and target ability, NEs are an appealing platform for cancer treat-
ment. With their submicron-dispersed colloids in the continuous phase, NEs may
be able to perform various tasks, which helps to overcome biological obstacles that
prevent traditional chemotherapeutic drug delivery from reaching the target location
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of cancers. This chapter provides a brief overview of the use of NEs in treating gastric
and liver cancer.

Keywords NE - Liver cancer - Gastric cancer *+ Hepatocellular carcinoma -
Therapeutic agent - Cancer treatment

1 Introduction

Cancer is the most significant cause of death, accounting for 19.3 million new cases
and 10 million fatalities in 2019, according to the IARC GLOBOCAN 2020 report.
Compared to normal cells, cancer is the loss of normal growth control. The equi-
librium between new cell growth and cellular aging has been upset. A genetic code
mutation is the fundamental cause of cancer. Liver cancer claimed 7.1% of all cancer
deaths, and stomach cancer claimed 1.01%. The public health impact of gastric cancer
is greatest in poorer nations.

Numerous medicines have been developed to treat cancer but have little effec-
tiveness. Several types of therapies are listed (chemotherapy, immunotherapy, radio-
therapy). Chemotherapy is the most popular therapy and the main treatment for
malignant sickness out of all these remedies. In comparison to other causes of death,
it ranks second. The Nano system has a big chance to replace cancer treatment
by focusing on the barriers. Due to their effectiveness in delivering drugs, several
nanocarriers are being investigated, including NE, nanoparticles (NPs), nanoshells,
nanocapsules, core—shell nanoparticles, nanotubes, lipid nanoparticles, dendrimers
[32].

With particle sizes between 20 and 200 nm, NEs (NE) are transparent/translucent
heterogeneous systems comprising continuous and dispersed phases in droplets
[33]. NE differs from emulsions primarily in gravitational stability, i.e., the smaller
the size, the greater the stability. Additionally, research indicates that lipophilic
compounds become more bioavailable when globule sizes are below 200 nm. NE
is also used extensively in the food and pharmaceutical industries despite being
thermodynamically unstable, which means that eventually, the phases will separate
due to free energy difference [15, 39]. NE differ from microemulsions due to their
smaller size and thermodynamic stability; however, they are adversely affected by
changes in temperature and composition. Structured emulsifiers, such as monoacyl-
glycerides (MAG) and diacylglycerides (DAG) enriched with medium-chain fatty
acids (MCFAs), have been proposed to improve the stability of NE; these emulsi-
fiers are non-ionic small surfactant molecules frequently used in food emulsions as
well as cosmetic and pharmaceutical emulsifiers. The ability to choose the length
of the chains that make up these acyl glycerides during chemical processes using
substances like fats, oils, and glycerol significantly impacts their functionality. One
such material is CAPMUL®, which can be used as an emulsifier or primary solubi-
lizer. A combination of MAG, DAG, TAG, glycerol, and free fatty acids is created
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by the interesterification of oils with glycerol, allowing for improved substrate inter-
action without needing a solvent [14]. The use of NEs in treating liver and gastric
cancer is briefly discussed in this chapter.

2 Statistics of Hepatocellular Carcinoma or Liver Cancer

Hepatocellular carcinoma (HCC) is one of the most common lethal malignancies.
Chronic hepatitis B and C virus infection, dietary aflatoxin exposure, fatty liver
disease, alcohol-induced cirrhosis, obesity, smoking, diabetes, and iron overload are
all known risk factors for liver cancer. For individuals with an early diagnosis, the
recommended course of treatment includes chemotherapy, surgery, immunotherapy,
radiation therapy, and tumor ablation. In 2020, liver cancer claimed the lives of
830,200 individuals worldwide and was diagnosed in 905,700 people [40]. The
release and targeting of medications in HCC are made possible by nanotechnology.
NPs, micelles, and liposomes have all been the subject of various receptor-mediated
dynamic targeting and delivery studies in HCC. With its large surface area, external
charge, the long half-life of circulation, and capacity to be imaged, NE possesses
the necessary qualities to produce effective therapeutic effects. Since vascularized
tissues around cancer cells, NEs can easily aggregate in these tissues and potentially
cross barriers. They may also be used to explain their function, summarize various
medications, and select precise targets [47].

3 Statistics of Gastric Cancer

Gastric cancer (GC) is another lethal type of cancer and counts fourth in the list of
different types of cancers. It is often called the latest worldwide burden with the most
significant percentage [19]. Helicobacter pylori (H.pylori), which causes chronic
inflammation, carcinogenesis, and several other variables, including bacterial host,
is to blame for this [18]. Inflammation associated with oncogenesis may be caused
by cell growth and death. The Epstein-Bar virus is a pathogen associated with gastric
cancer that is more frequently present in cancerous cells than healthy cells [37]. This
condition still has a poor prognosis for therapy, and it is presently the fourth most
frequent cause of cancer mortality globally. It was the 16th most common cancer to
be diagnosed and the 17th leading cause of cancer mortality in the United States in
2021, with an anticipated 26 560 new cases and 11 180 deaths. There are a few distinct
causes for it, the first of which is inherited, followed by gastric adenocarcinoma and
gastric intestine cancer. Around 45% of families with hereditary conditions have
CDH 1 mutations.

Additionally, it has been determined that the genetic cause of stomach cancer is
a mutation in the gene CTNNA . Various environmental elements, influence this and
daily living habits have a significant role in it [ 10]. In addition, those with obesity and
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gastroesophageal reflux illness are blamed for the increased incidence of stomach
cancer [41].

4 Gastric Cancer with Liver Metastasis: New Classified
Evolution

Despite being extensively utilized in the pathological grading of GCs, the World
Health Organization (WHO) and Lauren classifications are insufficient to guide indi-
vidualized therapy, particularly in Gastric Cancer with Liver Metastasis (GCLM).
Therefore, a GCLM’s new categorized evaluation is needed. Advanced gastric cancer
is classified as having liver metastases and is one of the deadliest conditions with
a dismal prognosis. At the time of first diagnosis, 4-14% of patients with gastric
cancer had liver metastases [29]. Notably, recent developments in retrospective and
prospective research have made it much easier to identify possible candidates.
Referring to the classification of stage IV GC and the clinical investigation of
GCLM [49], three categories were created for GCLM patients. Based on the evalua-
tion of clinical judgment in interdisciplinary treatment, GCLM may be categorized
into three groups: potentially respectable cancers (category I), tumors with a slim
chance of being removed (category II), and tumors that cannot be removed at all
(category III).Due to the significantly worse prognosis of patients with peritoneal
spread or positive peritoneal cytology, macroscopic peritoneal dissemination, for
instance, was regarded as a crucial feature during the classification procedure [17].
The common methods of treatment for liver and GC are systematic chemotherapy
followed by medications. These cancer-relieving medications have unavoidable side
effects like nausea and vomiting, loss of appetite, hair loss, diarrhea or constipation,
mouth sores, deficiency of platelets and white blood cells, and unfavorable fatigue.

5 Use of NE as Therapeutic Agent

Better treatment ways for administering chemotherapeutics were made possible by
several innovative nanotechnology-based technologies [43]. NE is the preferred drug
delivery method for chemotherapeutics due to its higher stability and bioavailability
than traditional drug administration [44]. Other medications are accessible using NEs
besides chemotherapeutic ones, particularly for the liver (Table 1) [48]. Because of
its bigger surface area compared to other nano systems, NE is preferred and utilized
to aid in the higher adsorption of drugs and to boost their bioavailability [24]. In
order to increase the stability of the substance, it is protected against UV light and
oxidation, and this is the second significant benefit of NE [10]. As a result of the
globule NE size’s capability to increase the ability of droplets to penetrate, the tiny
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size of NE droplet, it is highlighted as having low skin irritation because droplets
can pass through hair follicles and skin without harming healthy tissues [38].

Compared to traditional emulsions, NEs are highly stable in creaming, breaking,
and phase separation and have a larger surface area and free energy [44]. Previously,
they ingested many cellular antigen presenters. NE is presently being used swiftly in
the pharmaceutical business due to all these important qualities, particularly for drug
delivery nanocarrier, cancer-targeting therapy, etc. (Fig. 1) [23]. Due to its prolonged
shelf life, it also significantly impacts vaccination distribution [12].

6 Using NE as a Distinct Strategy in Both Cancer
Treatments

Researchers are now exploring the potential of NE to deliver various cancer-fighting
strategies for treating liver and stomach cancer. The application of multifunctional
NE:s for the treatment of cancer is shown schematically (Fig. 2). NEs are significant
and alluring approaches to hepatocellular carcinoma and gastric cancer due to their
stability under thermodynamic conditions, huge surface area, droplet size, stability,
and desired drug eliminate study [23]. Research on NE formulations for cancer
treatment found that they are a safe grade of excipients (GRAS) with a great potential
for physiochemical stability, superior efficacy, and higher bioavailability [11].

One of the most often used medications to treat hepatocellular cancer is sorafenib.
To produce anticancer effects, it can block the actions of several tyrosine and serine
kinases as well as tumour angiogenesis, cell proliferation, and apoptosis. Sorafenib
was delivered using a NE, which can potentially be a safer and more efficient
parenteral drug delivery method than the more common tablet form[47]. Medium-
chain triglycerides and lecithin made up the dispersed phase of the sorafenib NE,
which was created utilising a high-energy emulsification technique. Glycerol and
polysorbate 80 made up the continuous phase. The produced emulsion’s MTT exper-
iment revealed that while the ideal formulation did not damage normal cells, it could
nonetheless eliminate cancer cells.

Combining Gemcitabine (Gem) with doxorubicin (Dox) in a NE delivery method
reduced the toxicity of both drugs—Gem for the liver and Dox for the heart—while
increasing anticancer activity. Compared to mice treated with Dox solution, which
increased the levels of creatine kinase-myocardial band (CK-MB), CK, Hyperlipi-
demia (HLD), triglycerides (TG), and Lactate dehydrogenase (LDH), tumor-bearing
mice received Gem-DoxNE, which decreased the levels of CK-MB, LDH, CK, and
CHO while increasing the levels of HDL. In addition, the NE of Vitamin D led
to a reduced level of TNFa. The two-step process of water-in-oil-in-water NE of
5-Fluorouracil (5-FU) and Oxaliplatin has shown enhanced membrane permeability
compared to 5-FUand oxaliplatin which had poor membrane absorptivity [47]. Abdu
et al. [1], reported that NE encapsulated Gem (Gem) and Dox (Dox).GEM increases
DOX’s ability to prevent tumor growth, which improves its anticancer effects (Abdu,
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Table 1 Delivery of several therapeutic agents using NE that have activity against hepatocellular

carcinoma
Sl. | Name Work Role of NE Key reference
no
1 | Natural drugs
(a) | Curcumin Curcumin has been Curcumin was delivered via | [3]
utilized as a folk medicine | a NE-based technology, and
and a widely used herb in | it was discovered that the
the family since the dawn | NE made with MCT had the
of civilization. Curcumin | highest bioavailability of
is also known as turmeric. | curcumin (58.6%). They
In the in-vivo also noticed that the
investigation, it was enhanced lipid content in
shown that following the NE resulted in higher
therapy, rats’ liver and bioavailability
stomachs had 60% more
curcumin than their blood
did. It demonstrates that
oral administration of
curcumin results in very
low absorption
(b) | Silymarin Silibin is Silymarin’s As compared to Silymarin | [3, 25, 28]
most potent and regular suspension, the NE
significant component. It | of Silymarin made with
influences glutathione sefsol 218, Kolliphor RH40,
oxidation to increase its and PEG-400 had a higher
levels in the colon and AUC and Cmax and a
liver. It prevents the shorter tmax. Decreased cell
hepatotoxin from viability and enhanced ROS
attaching to receptor sites | condensation were the
on the hepatocyte results of the cell line
membrane. Moreover, it | investigation on NE
increases hepatocyte
regeneration through
ribosomal RNA
polymerase stimulation
(c) | Eugenol Eugenol and related In liver cell lines, the [22, 30]
polyphenols are poorly apoptotic potential of
soluble in water. Thisis | eugenol loaded NEwas
the cause of their compared to bulk eugenol,
after-oral administration’s | and it was shown that both
comparatively poor preparations promoted
bioavailability apoptosis via ROS (Reactive
Oxygen Species) formation.
With eugenol loaded NE,
HBB8065 cells displayed a
greater rate of apoptosis
(69%) than with bulk
eugenol (53%). In the case
of the eugenol-loaded NE,
the ROS levels were
likewise higher

(continued)
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Sl. | Name ‘Work Role of NE Key reference
no
(d) | Crocin Crocin, alone in HepG2 | Polyglycerol polyricinoleate | [4, 31, 34, 42]
cells showed a 59% has a high capacity for
reduction in telomerase producing stable crocin NEs
activity after exposure to
crocin
(e) | Ginkgo Biloba | Polyprenols found in In HepG2 cells, the NE of [45, 46]
(G.biloba) G.bilobahave a good G.biloba demonstrated
track record of treating lower genotoxicity and
liver conditions, including | cytotoxicity than the
cancer chitosan nanoparticles with
folic acid coupling
(f) | Resveratrol Resveratrol, in HepG2 Resveratrol is shielded [7, 20, 36]
cells and rat hepatoma against chemical
cells in the S and G2/M deterioration and
phases, downregulates isomerization to inactive
hepatic growth factor to | Z-resveratrol via a
slow the formation of NE-based formulation
tumors
2 | Synthetic drug
(a) | Sorafenib It is one of the Because it contained less [9, 21]

medications used most
frequently to treat
hepatocellular carcinoma.
To produce the anticancer
effects, it can block the
actions of several tyrosine
and serine kinases as well
as tumor angiogenesis,
cell proliferation, and
apoptosis. Its limited
water solubility and
hepatic metabolism result
in a low bioavailability of
38-49%

medicine and had a greater
level of effectiveness than
traditional tablets, the
sorafenib NE delivery
method demonstrated the
promise for safe and
efficient par-enteral drug
administration

(continued)
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Sl. | Name ‘Work Role of NE Key reference
no
(b) | Cisplatin Together with 5-FU and | The release of a [2, 50]
Dox, cisplatin is a cisplatin-loaded NE, which
common medication used | was designed for
as a systemic intravesical administration
chemotherapeutic agent in | in cases of bladder cancer,
the treatment of was slower and extended
hepatocellular cancer. (3—4 h), and the amount of
Systemic chemotherapy is | medication that reached the
used as an adjuvant tissues increased
therapy for individuals significantly (2.4-3.3
with unresectable times). It is necessary to
hepatocellular carcinoma | ascribe an increase in tissue
and those recovering from | concentration of cisplatin to
surgery permeation enhancers such
terpineol and oleic acid. An
analogous strategy could
result in much improved
cisplatin administration in
hepatocellular cancer
(c) |Gem Fan et al. investigated the | To explore the in vitro [16]
anticancer efficacy of anticancer activity, Ahmed
Gem against hepatoma. and Sami combined the
Gem chlorambucil vitamin E isomer
coupled nanoparticles in | to-cotrienol with Gem and
the research significantly |added it to the NE system.
reduced hepatocellular Conjugation was used to
carcinoma in boost Gem’s anticancer
tumor-bearing mice effectiveness by preventing
the drug’s extensive
metabolism through an
enzymatic deamination
process. Compared to the
free medication, the coupled
NE demonstrated more
anticancer efficacy
(d) | Dox Dox is a chemotherapy Alkhatib et al. examined the | [5, 50]

medication that is
frequently used to treat
different malignancies.
Moreover, it has
demonstrated its
effectiveness against
hepatocellular carcinoma

anticancer effects of
Dox-incorporated NEs in
Swiss albino mice with
Ehrlich ascites carcinoma.
In comparison to the animal
group treated with Dox
solution, it was shown that
the serum enzyme levels
were decreased and the
cardiac tissues suffered less
damage in the
DoxNE-treated group

(continued)
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Sl. | Name ‘Work Role of NE Key reference
no
(e) | Vitamin D To compare vitamin D NE | In comparison to vitamin D | [13]
to conventional vitamin D | treated groups, the GPT,
and assess its GOT, and GGT levels
hepatoprotective effects, a | decreased in the vitamin D
comparison research with | NE treated group by 10.16,
conventional vitamin D 16.8, and 35.8%,
was conducted utilizing | respectively. Also, the levels
substances such as pea of inflammatory mediators
protein isolate and canola | like TNF increased by 0.53
oil that had been times. These levels
pH-shifted and sonicated | considerably decreased
following vitamin D
treatment, and the vitamin D
NE exhibited a greater drop
in TNF levels (20% more
than the vitamin D treated
group)
3 Combination drugs
(a) | Dox and gem Gem and Dox were [6]

integrated in the NE
delivery method by Abdu

et al. Due to the focused
drug delivery capabilities of
NE, the concentration of the
medication in the body is
reduced, preventing any
negative side effects

(continued)
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S1.
no

Name

‘Work

Role of NE

Key reference

(b)

Curcumin and
sorafenib

The only molecular
targeting drug that has
been licensed for
advanced hepatocellular
carcinoma is sorafenib,
which is frequently used
as the standard therapy
medication for the
disease. Nevertheless,
only around 30% of those
with hepatocellular
carcinoma benefit from
treatment, and the
majority of those who do
frequently have resistant
tumors and progression.
Curcumin may function
as a substance that makes
cancer cells more
susceptible to
chemotherapeutic drugs
and lowers treatment
resistance to increase
medication effectiveness

The nanoparticles have
demonstrated excellent
outcomes, increasing cell
apoptosis and cytotoxicity
in HepG2 cells. It may
provide encouraging results
to distribute these together
using a delivery mechanism
based on NEs

(9]

©)

5-FU and
oxaliplatin

Patients with advanced,
unresectable HCC bigger
than 10 cm in diameter
had demonstrated
encouraging outcomes
when treated with
oxaliplatin, a
third-generation cisplatin,
in combination with
5-FU. Due to weak
membrane absorptivity,
5-FU and oxaliplatin have
reduced bioavailability

To increase their membrane
permeability, 5-FU and the
oxaliplatin combination
with the deoxycholic acid
derivative (used as a
penetration enhancer) were
exposed to the preparation
of a water-in-oil-in-water

NE. A two-step spontaneous

emulsification process was
used to create the NE. First,
a w/o NE containing an
Oxaliplatin complex was
created, and it was then
dispersed in an aqueous
phase containing
5-Flurouracil to create a w/
o/w NE

[27, 35]
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Alshehri, and Alkhatib 2017). Detailed information on therapeutic agents and NE
technology for liver and GC treatment are shown in Table 1. Choudhury et al. [10]
investigated anti-HIF-1 antibody-linked triblock copolymer nano micelles encapsu-
lated with paclitaxel for targeting the MGC-803 cells. They concluded that antibody-

targeted NEs have excellent potential for imaging and therapy targeting clinical
tumors [10].
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7 Conclusion and Future Prospects

To conclude, NEs are the preferred treatment over synthetic and conventional treat-
ments. Modern drug technologies are modulated, which may lead to less toxicity. The
medicine’s stability must be considered during this research phase, along with how
the medication interacts with the delivery system’s other components and how it is
manufactured. NEs that target particular types of cancer have a variety of applications.
This study focuses mainly on gastric and liver cancer. Clinically NE-based therapy
with an anticancer effect would be advantageous due to targeted drug delivery. The
efficacy increases and the adverse effects are reduced through focused drug delivery.
The benefits of NE-based therapy include treating both gastric and liver cancer. No
specific NE on the market can treat gastric and liver cancer. The clinical elements of
delivery systems, characteristics, and commercially viable production processes to
meet the problematic procedures are the leading causes of this [32].

Nanotechnology also plays a significant part in treating, diagnosing, and
preventing diseases [26]. Through its investigation of cancer treatments through
various administration methods, NE is regarded as the appropriate medication
delivery [19]. The use of NEs to treat various cancers has a variety of uses. It allows
cells with a particular antibody on the surface of the antigen to circulate and absorb
for an extended period, or it allows the opposite to occur. This study focuses more
on liver and gastric cancer. Long circulation times and uptake by cells with a specific
antibody on the surface of the antigen, or vice versa, are made possible. In these
circumstances, the treatment appears to involve using NE to combat stomach and
liver cancer cells. A potential medication carrier that works well is a NE. Mechanistic
studies and clinical techniques must be robust and extensively researched if better
cancer treatments using NEs are to be achieved. Finding methods to enhance NEs is
the key challenge facing their development in the future.
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Abstract The majority of the drug molecules are hydrophobic. The transport of
active drug moiety to the intended locations in the human body is greatly aided by
this hydrophobicity. As a result, oil-in-water (o/w) nanoemulsions are frequently
utilized in the pharmaceutical industry to distribute lipophilic active ingredients
that easily cross biological membranes because they are also very lipophilic. Skin
wounds brought on by trauma, burns, chronic illnesses, or surgery can cause impair-
ment and present a significant challenge to healthcare systems. Therapy of Chronic
wound is more difficult when managing acute wounds due to complicated patho-
physiology. Older methods of wound care have a number of drawbacks, like inade-
quate permeation of medication to inner skin tissues and the emergence of microbial
resistance with chronic antibiotic use. Therefore, for effective wound healing, the
development of novel therapeutic modalities that can eliminate the risks of systemic
microbial infection and improve drug delivery to the underlying tissue in chronic
wounds is critical. For the treatment of many types of wounds, nanoemulsion loaded
with antimicrobial agents, antimicrobial peptides, growth factors, interferons, and
other substances has been used. Additionally, nanotechnology-based methods have
shown the ability to overcome a number of challenges that are related to traditional
wound healing therapies, including infection, inadequate penetration of deeper skin
tissues, and delayed wound healing. With its critical role in regulating bacterial
growth, inflammation, hemostasis, and cell proliferation, nanotechnology has devel-
oped rapidly over the past two decades, opening up new channels for the delivery of
drugs, antimicrobials, antibiotics, various biomacromolecules (proteins, peptides),
growth factors, and a range of therapeutic components for chronic wound repair.
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1 Introduction

In the field of science and technology, nanotechnology is a rapidly growing field.
To date, nanotechnology has demonstrated its benefits in several domains [13, 14,
25, 26]. Nanoemulsions are among the best-known applications of nanotechnology.
Nanoemulsions are biphasic colloidal dispersions in which the oil droplets are
disseminated in an aqueous phase [24, 36, 46]. They are also sometimes known
as microemulsions, ultrafine emulsions, and submicron emulsions by certain investi-
gators. These heterogeneous particle systems are usually stabilized by an emulsifier,
and their internal phase droplet size is generally below 1000 nm. Water-in-oil (w/0),
oil-in-water (o/w), oil-in-water-in-oil (O/W/O), and water-in-oil-in-water (W/O/W)
emulsions are the four kinds of emulsions that may be distinguished based on the
dispersed and continuous phases (Fig. 1). Due to the existence of a hydrophobic core
area that facilitates the administration of medications and bioactive substances that
are insoluble in water, O/W nanoemulsions have greater uses in the pharmaceutical
sector.

Nanoemulsions have emerged as effective carriers for the delivery of hydrophobic
bioactive compounds. In addition to better solubility, nanoemulsions have other
advantageous properties. They have higher and longer-term stability, high loading
capacity, high biocompatibility, and increased bioavailability. In addition, they may
also be used for the regulated release of bioactive substances. Nanoemulsions with
beneficial physicochemical properties have been extensively explored as vehicles for
the delivery of pesticides [28]. By encapsulating pharmaceuticals in nano formula-
tions, it is possible to obtain sustained drug release and a reduction in the amount
of drug that is required. Nanomaterials (NMs) may also be utilized to control and
ameliorate infections brought on by resistant strains [39]. Due to their small pore size,
nanoemulsions enable the even collection and storage of efficacious substances over
the superficial skin [47]. Using just 3—10% surfactants during production, nanoemul-
sions are more efficient at diffusing substances due to their higher surface area and
low overall viscosity [16]. In microemulsions, surfactant absorptions of at least 20%
are required [21]. As a consequence, nanoemulsions become more fluid (at lower
oil concentrations), particularly when thickeners are not utilized, through appealing
physical qualities and skin. The strong steric stability at submicron droplet sizes also
prevents emulsion-specific destabilization processes, including creaming or sedi-
mentation, coagulation, and coalescence. Producing nanoemulsions requires careful
consideration of the effects of the sequence in which the various ingredients are
mixed. It is important to emphasize that before the formulation of nanoemulsions,
surfactants must be coupled with the oily process. This allows for the creation of
exceptionally favourable circumstances for the growth of nanoemulsions.

On the other hand, the early stages of manufacturing would encourage the
production of “macroscopic” emulsions when surfactants and water are mixed [11].

Currently, a variety of approaches are used to produce nanoemulsions, which
may be considered either lower- or higher-energy emulsification operations or a
combination of both [38]. High-energy techniques are characterized by the use of
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mechanical devices to generate strong, extreme elements that split the oil and water
processes to form oil-based droplets. This method makes use of high-pressure homog-
enizers, microfluidizers, and sonication procedures [9]. Conversely, low-energy tech-
niques emulsify by using the chemical energy of the system. This is accomplished
by rerouting the formulation’s inherent physicochemical properties through the
surfactant, co-surfactant, and inert components [42].

2 Emulsion Formation

The formulation of stable emulsions is a very crucial step, and this process is
commonly known as ion. Emulsification is a non-spontaneous, dynamic, energy-
requiring step. It requires energy in mechanical form to accelerate the dispersion
of the liquids in small droplets in the dispersing medium. The different methods of
formulation include simple shaking, mixing using rotor—stator systems, liquid injec-
tion through porous membranes, high-pressure homogenizers, and ultra-sound gener-
ators. A shearing or stirring force is also necessary for deformation or breaking down
the droplets into smaller sizes [23, 33]. This process is shown below schematically
(Fig. 2).
To develop a stable emulsion, three essential conditions must be met.

There should be a surfactant present in the formulation.
The phases should be immiscible.
An agitation force must be crucial for dispersing one liquid into another.

The various factors that affect the characteristics of an emulsion that can be
changeable from their initial formulation to its final resolution are temperature, agita-
tion velocity, time, and pressure. Surfactants play a crucial role in the formulation of
stable emulsion systems [12].

0-0-0-0-00

a) b) ¢) d) e)

Fig. 2 Droplet deformation process occurring in emulsification
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3 Methods of Preparation

The formulation of stable primary (1°) emulsions is the main objective, as it finds
application both in the pharmaceutical and food industries. It involves methods that
are briefly discussed as following [49].

3.1 Dry Gum Method

e For the primary emulsion, the amounts of oil, water, and emulsifier are calculated.
e A dry porcelain mortar and pestle is used to combine the emulsifier and oil.
e Water is added all at once after the emulsifier has been evenly distributed

throughout the oil.

The primary emulsion is triturated for at least 5 min, stirring constantly but gently
in one direction until the mixture thickens under the pestle.

The emulsion is then poured into a graduated cylinder and diluted with water to
reach the desired volume.

The label for the emulsion should read “Shake well before use.*

3.2 Wet Gum Method

Water is mixed with an emulsifier to create mucilage, and then oil is gradu-
ally added.

For the primary emulsion, the amounts of oil, water, and gum are calculated.

In a porcelain mortar, emulsifiers and water are triturated to create mucilage.
The oil is added in small amounts, and the trituration is constant, quick, and light.
After adding all the oil, the mixture is vigorously stirred for a few minutes. The
emulsions are then moved to a graduated cylinder and diluted with water.

3.2.1 Emulsions Containing More Than One Qily Liquid

The amount of emulsifier needed for each of the two or more oily liquids
present is determined, and the emulsion is made by subsequently adding these
predetermined amounts.

Alternately, the oils could be blended first and then emulsified individually.
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3.2.2 Emulsions Containing Water-Soluble Substances

e The majority of the ingredients in emulsions, such as salts, syrups, and glycerin,
are water-soluble.

e Water-soluble ingredients are used in a diluted state whenever possible because
some substances have demulsifying properties and may destabilize the emulsion
if added to a concentrated solution.

3.2.3 Emulsion Containing Oil-Soluble Substances

e The amount of emulsifier needed to make an emulsion with oil-soluble ingredients
should be increased by 50%.

e In order to prepare the main emulsion, the oil-soluble materials are first dissolved
in the oil.

3.2.4 Emulsions Containing Substances Insoluble in Either Oil
or Water

e These ingredients must be ground into a fine powder in a mortar before being
combined with the emulsifier needed for the main emulsion.

e The main emulsion is then made as normal, with the addition of the oil.

e Examples include phenophthalein in a liquid paraffin =~ emul-
sion and bismuth carbonate in a castor-oil emulsion.

3.2.5 Emulsions Containing a Small Proportion of Oily Substances

e [f the oil content is too low, adjustments must be made. Emulsions with <10% oil
have a tendency to cream easily. To raise the amount of oil to 10-20% and avoid
this, an inert oil, such as arachis oil, can be added.

4 Wound and the Process of Rebuilding

“Wound” refers to the rapid onset of injury that involves:

e alacerated type of skin or punctured skin (open) or
e a contusion type (closed),

caused by any sort of blunt force, trauma, or compression force. It might be acute
or persistent injury to the skin’s epidermis. To recover from this damage to the
cells and tissues of the epidermal layer, the human body undertakes a series of
actions, commonly known as “wound healing,” that include replacement of destroyed
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or damaged tissue with newly produced tissue. A skin wound results from the
breakdown of the epidermal layer’s integrity [29].
On the basis of severity, wounds can be classified as:

e Acute wound
e Chronic wound

In a normal skin, the epidermis and the dermis layer form a protective barrier
against the external environment. When this protective barrier is broken or trespassed,
a regulated sequence of biological reactions is set into motion to repair the damage
caused to the tissues. The wound healing process or rebuilding the tissues is a highly
organized cellular, humoral, molecular and complex but fragile phenomenon.

Wound healing can be classified as:

e Normal type wound healing
e Persistent non-healing wound

It is susceptible to various interruptions or failures, leading to the formation of
non-healing chronic wounds. The following factors could be possible reasons that
contribute to the chronic wounds: Diabetes, venous or arterial disease infection, and
metabolic deficiencies of old age. But, with the help of appropriate wound care
depending on the patient’s need,

The complex process of healing wounds has four underlying overlapping phases:

Hemostasis phase
Inflammatory phase
Proliferative phase
Remodelling/maturation phase.

4.1 Hemostasis Phase

e Takes place very quickly.

e Begins with blood leaking from the body, and as a result, blood vessels constrict
to reduce blood flow.

e Platelets clump together and attach to the sub-endothelium surface within seconds
after an epithelial blood vessel wall rupturing.

e The initial fibrin strands begin to bind within sixty seconds.

e Procoagulants and the release of prothrombin induce the blood to coagulate when
the mesh of fibrin forms, altering its liquid condition.

e The creation of a thrombus or clot confines platelets and blood cells to the wound
area.

e A thrombus is usually important through various phases of wound healing,
however it gets a concern if it splits from the vessel wall and enters the circulatory
system, potentially resulting in a heart attack, stroke, or pulmonary embolism
[31].
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4.2 Inflammatory Phase

e [Initiates as soon as the injury occurs when transudation, which is a fluid composed
of protein, salt and water, leaks from the injured blood vessels, causing localized
swelling.

e Inflammation prevents infection while also controlling bleeding.

e The fluid engorgement enables the migration of repair and healing cells to the
wound site.

e Damaged cells, pathogens, and bacteria are cleared from the wound area during the
inflammatory phase.

¢ The swelling, heat, pain, and redness that are frequently present during this stage
of wound healing are produced by the white blood cells, growth factors, nutrients,
and enzymes.

e Inflammation is a normal part of the healing process for wounds; it only becomes
a problem if it lats too long or is excessive [17].

4.3 Proliferative Phase

When the lesion is repaired with fresh collagen-and extracellular matrix-containing
tissue,

e The wound shrinks as fresh tissues form.

e To ensure that the granulation tissue is healthy and receives enough nutrients and
oxygen, a new network of blood vessels must be built.

e Myo-fibroblasts, which function similarly to smooth muscle cells, grab the
wound’s margins and pull them together to cause the wound to close.

e Granulation tissue is pink or red in color and has an irregular texture during healthy
wound healing stages. Granulation tissue that is healthy does not bleed readily.
Dark granulation tissue may indicate ischemia, infection, or inadequate perfusion.
Finally, the damaged epithelial cells reappear.

e When wounds are maintained moist, epithelialization occurs more quickly.

To maintain correct tissue humidity in order to optimize the process of epithe-
lialization, the occlusive or semi-occlusive dressing is applied within 48 h of injury
[40, 52].

4.4 Remodeling/Maturation Phase

e Type III collagen is converted into type I collagen once the wound fully heals.
® Apoptosis, also known as programmed cell death, is the process by which cells
that had been used to treat the wound but were no longer necessary are removed.
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e The wound is substantial and the proliferative phase’s collagen buildup is
disorganised.

e (Collagen undergoes remodelling along stress lines, becoming more organised and
improving the tensile strength of the healing tissues.
Fibroblasts release matrix metalloproteinases.
The enzymes facilitate the conversion of type III collagen to type I collagen.
Remodeling frequently commences about 21 days following an injury and may
extend for a year or longer [34, 53].

The rate and efficiency of wound healing are influenced by a variety of variables,
but microbial contamination and subsequent infection have been identified as key
factors in slower healing. A localized inflammatory state brought on by a wound site
infection promotes the overproduction of cytokines, which suppresses keratinocyte
proliferation, interferes with the development of new matrix, delays wound closure,
and perhaps starts secondary damage and dermal scarring. These unfavorable circum-
stances prolong healing timeframes and raise healthcare expenditures. Antibiotics
and silver ion-based regimens are two current topical treatments used to treat infected
wounds. The rise of multidrug-resistant bacteria and the decreasing effectiveness of
conventional antibiotics, however, are of great concern [32].

As an alternative, silver has well-established biocidal characteristics and is regu-
larly used as an antibacterial treatment for burns and severe wounds. Significant data
demonstrates that different silver formulations are efficient antibacterial therapies
for wound healing. Recent research, however, raises the possibility that silver may
be cytotoxic to both fibroblasts and keratinocytes and hinder the healing process.
As a result, researchers are exploring a novel therapeutic platform termed hyperos-
motic nanoemulsions in order to produce new classes of antimicrobial medicines
with low unfavorable host reactions. To hasten the healing of a wound and prevent
infection linked to a delayed recovery process, nanoparticle-based distribution has
recently been recognized as a prominent strategy for curing dermatological illnesses,
including wounds caused by different causes [27, 41].

It has been shown that nanoparticles may penetrate the stratum corneum and reach
the deeper layers of the epidermis and dermis of the skin by one or more combination
mechanisms, such as their small size, deformable nature, lipid behavior, or lipid-fluid
nature [18, 27]. The use of nanoparticles for wound healing is one of the most actively
researched areas, where nanoparticles have been endowed with multiple bioactive
agents. The purpose of this chapter was to illustrate the new advancements in the
diversity of nanoemulsions that are used in the wound healing process (Figs. 3 and
4).
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5 Nanoemulsions Application in Wound Healing

Nanoemulsions have been widely associated with the encapsulation of active phar-
maceutical and nutritional ingredients and acting as a carrier system in novel drug
delivery approaches. They are thermodynamically stable, having a defined combi-
nation of surfactant/co-surfactant, oils, and water [12]. A nanoemulsion facilitates
the entry of drug into the superficial layer called the epidermis (stratum corneum) by
enhancing the percutaneous absorption of the drug as well as beneath the layers of
the skin towards the site of the wound in the dermis and stratum germinativum layer
of the skin, where the process of angiogenesis during wound healing takes place.
As the outer layer of the skin is lipophilic by nature, the solubility and absorp-
tion of water-soluble drugs are poor. The solubility of water-soluble drugs can be
enhanced by using nanoemulsions, where drugs are dispersed in an oil droplet phase.
Different compositions of nanoemulsions can increase thermodynamic activity by
enhancing the penetration of drugs through the diffusional barrier of the skin, which
in turn also aids the partitioning of the skin. Nanoemulsions can also function as
micro-reservoirs that release the entrapped drug at a slower rate. A nanoemulsion
having a lower concentration of surfactant is considered more appropriate for inter-
nally administrable drug use. According to leading researchers, it has been found
that the nanoemulsions are kinetically stable; therefore, there is a need for external
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energy during the process of preparing nanoemulsions, as their optimization is a
non-spontaneous process [19, 45].
As aresult, a wide range of uses for nanoemulsions that are engaged in the healing
of wounds have been discovered in both the pharmaceutical and scientific domains.
The applications of nanoemulsion in wound healing have been discussed below.

5.1 Nanoemulsions of Essential Oils for Wound Healing

The in vivo wound healing properties of the essential oils (EO) of Deverra tortuosa
and Deverra triradiata by their encapsulation into nanoemulsion were examined
in a study by [30]. An aqueous phase titration technique was used to create the EO
nanoemulsion. At day 16, topical D. fortuosa and D. triradiate nanoemulsion admin-
istration (1 or 2%) demonstrated approximately 100% wound contraction and full
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healing. Additionally, they significantly raise levels of hydroxyproline and growth
hormones and have considerable antioxidant and anti-inflammatory properties.

To develop an effective propolis and tea tree oil nanoemulsion loaded with clin-
damycin hydrochloride, oil-in-water (O/W) NEs were prepared by dissolving tween-
80 in distilled water with the required concentration of clindamycin hydrochloride,
adding tea tree oil, and continuously swirling at 500 rpm to create a coarse emulsion.
Tween 80 and propylene glycol were utilized as cosurfactants and surfactants, respec-
tively. According to the results of the optimal formulation for wound healing, the
in vitro wound healing effectiveness of propolis and tea tree oil nanoemulsions was
found to be related to the presence of propolis ration of clindamycin hydrochloride,
adding tea tree oil, and continuously swirling at 500 rpm to create a coarse emul-
sion. Tween 80 and propylene glycol were utilized as cosurfactants and surfactants,
respectively. According to the results of the optimal formulation for wound healing,
the in vitro wound healing effects of propolis and tea tree oil nanoemulsions was
found to be related to the presence of propolis. Sprague—Dawley rats were utilized in
in vivo investigations on wound healing. In comparison to the other groups, the wound
healing activity with tea tree oil demonstrated excellent re-epithelialization, granula-
tion tissue development, anti-inflammation, and angiogenesis. The findings showed
that propolis significantly accelerated wound contraction by increasing the amount of
collagen type 1 and its main component, hydroxyproline, in the wound. According to
the study, propolis and tea tree oil nanoemulsion bases showed antibacterial activity
on par with propolis and tea tree oil nanoemulsion loaded with clindamycin [1].

In a study, a nanoemulsion of Eucalyptus essential oil (EEO) was produced
using an aqueous phase titration approach using pseudo-ternary phase diagrams.
The concentration of EEO was used as a variable, and tween 85 and transcutol were
used to produce five formulations (E1-ES5). Nanoemulsion E1 was examined for
excision wound healing activity on female Albino Wistar rats taking gentamycin
as a positive control, based on the physicochemical parameters of various formula-
tions, such as the size of the droplet, the optimal zeta potential, the optimal refractive
index (RI), and the maximum transmittance (% T). When compared to the control,
the pure EEO and optimized EEO nanoemulsion E1 considerably improved wound
contraction from days 12 to 24. The total epithelization times for control, pure EEO,
optimized nanoemulsion E1, and standard were 13.400.79, 12.400.82, 9.000.56, and
7.800.48 days, respectively. This indicates that the epithelization durations in E1 and
standard were much shorter than those in EEO. Drug therapeutic effectiveness and
oral absorption are both known to be improved by nanoemulsions [7].

Calophyllum inophyllum oil nanoemulsion (CSONE) formulated using the
immense shear homogenizer technique to examine how the independent variables
of CSO, Tween 80, high pure water (HPW), and homogenization time affected the
responses of CSO nanoemulsions droplet size, PDI, and turbidity. For biological
activity, a nanoemulsion with droplet sizes of 45-50 nm and notable stability over
4 weeks was chosen. Cell viability experiments on BSR (BHK-21cells) cells show
that CSONE is less toxic compared to CSO at different dosages. Similar results
were obtained from the in vitro cell monolayer scratch (wound healing) assay, which
showed that CSONE with an amount of CSO that was as small as 0.4% achieved 100%
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wound closure after 48 h and was analogous to the fibroblast growth factors. The
nanoemulsion size of the droplets, which was stabilized by Tween 80 as a surfactant,
allowed CSONE to accelerate wound closure [43].

Skin abrasions and burns are known to contain the Gram-positive opportunistic
bacterial strain Staphylococcus aureus, which can cause infection and sepsis. Euca-
lyptus oil (6%), nonionic surfactants (Tween 80 and Tween 20), and water (1:2 v/
v) were used to develop an oil-in-water nanoemulsion (NE). Water was added to the
oil and surfactant mixture using a magnetic stirrer, and the resulting coarse mixture
was then emulsified using a probe sonicator. Chitosan solution and eucalyptus oil
nanoemulsion were combined in several ratios (0, 1, 3, and 5% v/v), and the mixture
was then homogenized using a sonicator for 10 min. The film solutions were applied
to leveled acrylic plates and allowed to dry for 48 h at 50 to 60 °C with a relative
humidity of 60 to 2%. By using the conventional plate count method, the antibac-
terial activity of CH film and various concentrations of NE-CH films against the
wound isolate was investigated. The study’s findings demonstrate that NE-CH films
with increasing essential oil concentrations effectively combated S. aureus germs.
According to Sugumar et al. [48], NE-CH film demonstrated higher antibacterial
activity against the clinical pathogen S. aureus under test than chitosan film alone.

A nanoemulsion of sage oil by spontaneous emulsification method was formu-
lated, and wound healing in rat models showed a significant increase in collagen
content (77.52%) and tensile strength (56.20%) in comparison to the control. In
comparison to the control, the period of epithelialization was reduced by 42.85%
[5].

By using the spontaneous emulsification approach, several nanoemulsions of
clove oil (CO) were prepared. The correct proportions of 1% w/w CO and 8% w/
w Triacetin were used (oil phase). In a prior combination of CO and triacetin, 15%
weight per weight of Tween-80 (a surfactant) and 15% weight per weight of Labrasol
(acosurfactant) were spontaneously added. According to the findings of a study on the
effects of pure CO, nanoemulsion F1, and conventional gentamycin on the contraction
of the wound area in rats, the time required for full epithelization was 13.21, 12.24,
10.60, and 8.20 days, respectively. When compared to control and pure CO-treated
rats, the epithelization duration was much shorter in rats treated with nanoemulsion
F1 plus the antibiotic gentamycin. Increased leucine levels in nanoemulsion F1 and
antibiotic-treated rats given gentamycin suggested increased collagen levels in these
formulations. In contrast to gentamycin, mice treated with CO-nanoemulsion (F1)
had significant amounts of granulation tissue, few mononuclear inflammatory cells,
restoration of the adnexa, and substantial fibrosis [6].

5.2 Nanoemulsion-Based Gels for Wound Healing

The efficacy of post-burn skin regeneration using a nanoemulsion gel was compared
to that of commercially available treatments. Sea buckthorn berry oil (3—10%) served
as the oil phase of oil-in-water (O/W) nanoemulsions, while decyl glucoside (4-6%)
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served as the emulsifier in various compositions and according to various process
parameters, including mixing speed (300-500 rpm), pre-emulsification time (10—
15 min.), and ultrasonic homogenization time (60—120 s). By increasing the emulsi-
fier concentration to 6%, decreasing the oil phase concentration to 3%, and length-
ening the ultrasonic period to 120 s, a stable basic nanoemulsion was produced.
Hyaluronic acid, allantoin, aloe vera gel, and D-panthenol were added to the basic
nanoemulsion in order to enhance the moisturizing property of the formulation. Addi-
tionally, sodium benzoate and vitamin E were added as preservatives and antioxi-
dants. Finally, the viscosity of the nanoemulsion was enhanced by including carbomer
solution to achieve the desired consistency while maintaining pH 6 with the addition
of solution of citric acid. As the nanoemulsion contained sea buckthorn oil, which
contains palmitoleic acid, a component of skin lipids, it stimulated epidermis regen-
erative processes and accelerated wound healing processes. The oil also includes a
number of other elements that aid in fibroblast growth, collagen formation, tissue
repair, and angiogenesis [37].

The hydrogel of Achyrocline satureioides extract loaded into nanoemulsions with
components of egg yolk lecithin, vitamin E, polysorbate 80, and extract produced by
spontaneous technique has a wound-healing effect. Then, gelling agent Carbopol 20
(0.15%) was used to produce hydrogel after NaOH was used to bring the pH level to
7.0. Wistar rats were used to study wound healing activities, and a number of factors,
including lesion size, anti-inflammatory markers, oxidative damage, and histology,
were examined. According to reports, the nanoemulsion formulations improved the
re-epithelialization mechanism in lesions, reduced inflammation, decreased lipid
damage, and accelerated angiogenesis to speed up wound healing. Biochemical anal-
ysis (TBARS, MPO, IL-1, and TNF-) showed that the nanoemulsion gel that was
made decreased tissue inflammation and oxidative damage [15].

Crisaborole-loaded nanoemulsion-based 2% chitosan gel for wound healing was
made by a low-energy approach employing Lauroglycol-90 as an oil phase, Tween
80 as a surfactant, Transcutol-HP as a co-surfactant, and water as an aqueous phase.
An excision wound healing model was used to analyze the gel. On days 7, 14,
and 21, excision wound rats were examined for wound size. Topical use of the
standard fusidic acid gel (2%) and Crisaborole-loaded nanoemulsion-loaded chitosan
gel on days 7, 14, and 21 post-wounding decreased rat wound diameters compared
to the negative control group. Crisaborole-loaded nanoemulsion-loaded chitosan gel
performs similarly to fusidic acid gel [10].

A new oil-in-water (o/w) nanoemulsion gel of Levofloxacin in sesame oil
cures infected wounds in streptozotocin-induced diabetic rats. Collagen production
reduced epithelialization, wound contraction, and inflammatory cells in all groups.
Immunohistochemical analysis revealed increased CD31 and TGF- at wound sites
in the treatment group [50].

Chakraborty et al. [20] optimized and enhanced the potential to heal wounds of an
insulin-loaded nanoemulsion with Aloe vera gel in diabetic rat models. The optimum
ternary phase diagram nanoemulsions of oleic acid as the oil phase, tween-80 as
the surfactant, and polyethylene glycol 400 as the cosurfactant were used to make
nine batches (NE1-NE9) of insulin-loaded nanoemulsions. A chosen nanoemulsion
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(NES5) was mixed into a topical gel containing Aloe vera and a control (no Aloe
vera). The prepared gels indicated good spread ability, permeation, and stability. Gel
micrographs revealed a even distribution of nano-sized spherical particles within
the polymeric gels’ macromolecular network. The work concluded that Aloe vera
combined with an insulin-loaded nanoemulsion had synergistic effects on the healing
of wounds in diabetic rats and could be an encouraging and efficient method for
treating wounds in diabetic patients.

A nano-emulgel was developed by Miastkowska et al. [37] that combined the
benefits of an emulsion with a gel by coating the topmost layer of skin with a protec-
tive layer that controls its level of hydration. The emulgel quickly absorbed into the
skin, showed good spread ability and adherence, and promoted faster wound healing
than other medical cosmetics that are freely accessible on the market.

5.3 Miscellaneous Formulations of Nanoemulsion
Jor Wound Healing

Ali et al. [8] used a high-speed homogenization process to produce curcumin-
encapsulated alpha-tocopherol nanoemulsion systems with polyethylene glycol
(PEG) 400, tween 80 with changing compositions, and curcumin and alpha-
tocopherol with fixed compositions. Since curcumin is a hydrophobic substance,
using a nanoemulsion system can increase its solubility in an aqueous solution. When
curcumin is combined with water to form an o/w nanoemulsion, the surfactants and
cosurfactants not only help to stabilize the nanoemulsion yet additionally enhance the
wettability of hydrophobic substances by depositing on the drug’s surface, allowing
water to enter the particle core. The optimized formulation accelerated skin tissue
regeneration with a significantly higher percent reepithelialization and quick closure
of wounds when compared to the untreated animal group, which showed an increased
level of collagen fibre deposition and decreased inflammatory response with a high
degree of mechanical strength. Curcumin greatly accelerates wound healing and
defends against oxidative damage when applied topically. In body tissue with a
higher cellular composition, curcumin promotes novo vascularization, speeds up the
process of wound repithelialization, and increases granulation generation. Curcumin
is only present in the superficial stratum corneum (SC) following topical treatment
because of its poor water solubility. Medicines that are weakly water-soluble can have
their solubility improved by NEs, which spread the drugs in an oil droplet phase.
Different NE compositions increase the drug’s ability to pass through the skin’s diffu-
sional barrier. Various oils, including clove oil, coconut oil, and olive oil, as well
as the cosurfactants PEG 400, PEG, Carbitol, and Labrasol, were combined with
the surfactant Tween 80 to create a curcumin-nanoemulsion utilizing a high-energy
ultrasonication approach. Cur-NE demonstrated similar wound-treatment effects to
fusidic acid due to its nano-sized particles and enhanced penetration, resulting in
a more sustained release action. Granulation tissue and mononuclear inflammatory
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cells were both present in minor amounts in the granulation tissue of Cur-NE-treated
rats [2, 3].

Nanoemulsions of betulinen-riched extract and pure spruce balm were made using
three oils-jojoba, medium chain triglycerides, and sunflower and 5% lipoid S75 as
surfactant by high pressure homogenizer. The impact of NE on wound closure in
primary fibroblasts was investigated using an in vitro wound healing test. All three
NEs with an active component had considerably lower cell free gaps; jojoba 0il-BET
NE 83%, jojoba standard drug 77%, and PSB 73% wound closure were noted. In
the case of medium-chain triglycerides, NE PSB demonstrated 73% wound closure,
while BET demonstrated 84%. With sunflower oil NE, BET demonstrated 91%
wound closures and PSB 82%. According to reports, the majority of PSB’s wound-
healing effects occur during the inflammatory stage by neutralizing bacteria and
reducing inflammation [51].

An antimicrobial oil-in-water nanoemulsion containing benzalkonium chloride
was produced for use in burn wounds, and the wound healing activity was tested on
a porcine burn model. On anesthetized swine, thermal burn wounds were produced,
and 3 different formulations of nanoemulsion silver sulfadiazine cream were given
to damaged skin on various days after injury. Thermal burn wounds treated with
a dermally applied nanoemulsion formulation became full-thickness injuries that
could be studied histologically. On day 21, epithelial repair revealed that 77.8% of
wounds treated with nanoemulsions had epidermal damage scores of 0, as opposed to
16.7% of burns treated with silver sulfadiazine. Wounds treated with nanoemulsion
completely recovered their epithelium, and there was no loss of hair follicles [22].

The current research sought to deliver the medicine in nanoemulsion (NE) form,
where the synergistic property of chitosan was realized by the formation of chitosan-
coated naringenin NAR-NE (CNNE). The study was inspired by the potential of
naringenin (NAR), a natural flavonoid, to be used in the treatment of chronic wounds,
as discovered by Akrawi et al. [4]. NAR contains angiogenic, antimicrobial, anti-
inflammatory, and antioxidant properties. In light of this, it might be claimed that
nanoemulgel formulations based on chitosan and including NAR would give a
distinctive viewpoint towards healing chronic wounds with fresh hope and reducing
the burden on the globe in the near future.

Shabestani Monfared et al. [44] developed a novel therapeutic strategy for cuta-
neous wound healing in microfluidic and lab-on-chip systems that detect the mecha-
nisms that impair cell migration and the detrimental molecular and cellular processes
that aid in wound healing. In order to produce more accurate in vitro models that more
closely mimic the in vivo microenvironment of a wound on a molecular, cellular, and
tissue level, these miniaturized cell evaluation platforms enable precise spatial and
temporal control over a range of dynamic microenvironmental factors, such as shear
stress, biochemical and oxygen gradients. They presented their findings and provided
suggestions for further research on cutaneous and vascular wound repair.
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6 Conclusion

Nanoemulsions are gaining interest as drug carriers to augment the delivery of ingre-
dients for wound repairing because they have various benefits for the administration
of medications in wound healing. This novel technology may be created to circum-
vent some phytopharmaceuticals’ low absorption and poor miscibility with the lipid
components of the cell membrane lining, such as curcumin. The nanoemulsions
have a huge potential to improve skin regeneration, as this chapter has demonstrated.
The desired stability and delivery properties of nanoemulsions are made possible by
their small size, which is not possible with ordinary emulsions or microemulsions.
However, more work needs to be done to create extremely affordable techniques for
creating nanoemulsions from inexpensive, consumer-friendly ingredients and testing
them in vivo.
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Nanoemulsions Challenges and Future )
Prospects as a Drug Delivery System L

Farzad Abaszadeh, Muhammad Hossein Ashoub, and Mahnaz Amiri

Abstract Nanoemulsion during the recent years proved that has the potential to
overwhelm numerous difficulties in formulation of drugs. By loading drugs with
poor water-solubility in the proper nanoemulsions improves their solubility and/or
wettability. Therefore, this expands their pharmacodynamics as well as pharmacoki-
netics by diverse administration methods. Accompanying with the optimal size of
nanodroplets, the droplets act as a drugs pool, facilitating nanoemulsion to do as a
multifunctional platform to defect different diseases. A number of significant advan-
tages, which include nanoemulsion qualities, such as well-organized drug release
with suitable rate, extended efficacy, control of drug uptake, the ability of drug
protection from oxidation and low side effects, have been described in last decades.
The great characteristic of nanoemulsion contains also a diversity of engineering
procedure options as well as a combination of extensively mixed components such
as liquid lipids, surfactants or even drug-conjugates. These structures afford alter-
natives for designing advanced nanoemulsions pointing at high-value and different
applications. This review presents the challenges and prospects of diverse nanoemul-
sion types and its application as drug delivery methods. Types of nanoemulsions as
well as components of a nanoemulsions, their manufacturing via different methods
like (High pressure homogenization, Ultrasonication, Microfluidization, Phase Inver-
sion, Temperature Spontaneous Emulsification, Membrane Emulsification, Emulsion
Inversion Point) is described. Different drug delivery applications (Oral, Parenteral,
Transdermal, Topical, Intranasal and Ocular delivery) is presented. Kinetics of drug
release as well as stability of nanoemulsions are also presented.
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List of abbreviations

(BCS) Biopharmaceutics Classification System
(BBB) Blood Brain Barrier

(CNS) Central Nervous System

(DLVO) Derjaguin, Landau, Verwey, And Overbeek
(DOPE)  Di-Oleoyl Phosphatidylethanolamine
(DSPC) Di-Stearoyl Phosphatidylcholine

(EIP) Emulsion Inversion Point
(FDA) Food and Drug Administration
(GIT) Gastrointestinal Tract

(GRAS)  Generally Recognized as Safe
(HPH) High-Pressure Homogenization
(HLB) Hydrophilic-Lipophilic Balance

av) Intravenous

(IPM) Isopropyl Myristate
LO) Liquid Chromatography
MQ) Methyl Quercetin

(O/W) Oil-In-Water

(O/W/0O)  Oil-In-Water-In-Oil

(PIT) Phase Inversion Temperature
(PEG) Polyethylene Glycol

(POE) Polyoxyethylene

(Ph) Potential of Hydrogen
(W/0) Water-In-Oil

(W/O/W)  Water-In-Oil-In-Water

1 Introduction

Pharmaceutical dosage forms have evolved from very basic to extremely sophisti-
cated systems, sometimes referred to as new drug delivery systems, due to techno-
logical advancements. With mean droplet sizes generally ranging from roughly 50 to
500 nm in pharmaceutical applications, nano-emulsion-based delivery systems typi-
cally consist of a colloidal dispersion of oil and water phases [6—9]. Oil-in-water (O/
W) or water-in-oil (W/O) nano-emulsions are possible, where the droplets are made
of either oil or water. To stabilize nano-emulsions, pharmaceutically approved surfac-
tants that are regarded as safe (generally recognized as safe (GRAS)) are utilized as
emulsifiers. Nano-emulsions are especially excellent medication delivery methods
because of their ability to dissolve vast amounts of insufficiently water-soluble
medicines while also shielding them from deterioration. Increased drug loading,
higher drug solubility, enhanced bioavailability, chemical or enzymatic degradation
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Fig. 1 An illustration of the
O/W Nano-emulsion system
[55]

resistance, and controlled drug release are among the main benefits of nano-emulsions
for this use [31].

Additionally, the wide interfacial area and tiny droplet size may improve the
targeted administration of bioactive substances. Nano-emulsions also exhibit other
intriguing physicochemical characteristics, including exceptional optical clarity and
peculiar viscoelastic behavior, as a result of the comparatively small size of the
droplets. Nano-emulsions can have rheological qualities that range from liquid to
semisolid and optical properties that range from opaque to almost transparent. It
should be noted that a variety of distinct colloidal dispersions with some compa-
rable and some different properties may be created from oil, water, and surfactants
(Fig. 1). The dispersed droplets can be divided into three types, depending on their
size and thermodynamic stability: (i) Micro emulsions, (thermodynamically stable
and diameters between 20 and 100 nm); (ii) Nano-emulsions, (metastable stables and
mean particle diameters under 200 nm); and (iii) conventional emulsions (metastable
systems and mean particle diameters between 200 nm and several micrometers) [49].

A biphasic liquid system is an emulsion in which one liquid’s internal or dispersed
phase is scattered as tiny droplets across the exterior or continuous phase of the other
liquid. Numerous physicochemical elements have been shown to impact how emul-
sion nanoparticles behave in living things (Fig. 2). For novel emulsion nanomedicines
to treat illness and adhere to strict regulatory standards effectively; these aspects must
be regulated. Size is a crucial physical factor that affects how cells react to nanopar-
ticles. The renal and reticuloendothelial systems quickly remove somewhat bigger
nanoparticles, >60 nm, and smaller, <20 nm. Nanoparticles with a size of approx-
imately 50 nm have the maximum cellular uptake. As nanoparticle size increases,
different cellular uptake pathways are used: small nanoparticles (200 nm or smaller)
are taken up via pinocytosis pathways, those between ~250 nm and larger are
absorbed by phagocytosis, and those larger than microns are taken up by non-receptor
mediated micropinocytosis [27]. For the Food and Drug Administration (FDA) to
approve nanomedicine, size distribution, a measurement of the various populations
of each size, is becoming more and more crucial. Contrary to polydisperse droplet
systems, formulations with monodisperse emulsion droplets exhibit predictable as
well as repeatable biological activity. This demonstrates how essential emulsion
stability against coalescence is the stability of emulsions against coalescence, as
well as their interactions with biological tissues, are governed by their surface char-
acteristics. It is well known that extracellular proteins cover nanoparticle surfaces
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when injected into the body. The precise surface characteristics of the nanoparticle
have a significant role in determining the composition of this layer, known as the
“protein corona”. The surface charge is crucial in controlling the protein corona and
subsequent interactions with cells. Due to electrostatic repulsion, anionic nanopar-
ticle surfaces are not easily absorbed via cells and are often quickly eliminated by
liver and macrophage cells [45]. Although cationic nanoparticle surfaces readily
attach to the negatively charged cell surface, increasing absorption, there was still
an enhanced clearance problem because of opsonization and macrophage uptake.
Coating nanoparticles can obtain similar results with hydrophilic uncharged poly-
mers, such as Polyethylene Glycol (PEG), which act as a steric barrier to protein
adsorption and lessen electrostatic attraction [23]. A Nano medicine formulation’s
unique requirement must be carefully considered while choosing a suitable emul-
sion excipient. To comply with FDA regulations, the excipient must rapidly solubilize
the problematic medicine, be non-toxic, biocompatible, and produce monodisperse
stable emulsion droplets [73].

A perfect medication delivery system achieves the goal of increasing therapeutic
impact while reducing toxicity. With the passage of time and the development of
science and technology, dosage forms have changed from straightforward mixes and
tablets to incredibly complex systems known as innovative drug delivery systems.
The medication delivery technique known as nano-emulsions is one such example.

Phospholipid ~ SPan

3 Tween 1
Size Surfactants
Solvent Surface

5 lem.
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Fig. 2 Systematic drug distribution using Nano-emulsion [81]
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The term “nano-emulsion” refers to a dispersion of two immiscible liquids, such
as oil and water, which is thermodynamically stable, isotropically transparent, and
stabilized by an interfacial surfactant coating. Nano-emulsions have a uniform,
tiny droplet sizes between 20 and 200 nm. Nano-emulsions do not form naturally;
external shear is required to separate larger droplets into smaller forms. Compared
to microemulsion phases, there isn’t much information available about making and
managing nano-emulsions. The first nano-emulsions were created in the 1940s and
can be classified as bi-continuous, (O/W) or (W/O). Nano-emulsions are also called
mini emulsions, submicron emulsions, and ultrafine emulsions. Research shows that
nano-emulsion is a far more effective medication delivery than other transdermal
drug delivery systems. Although emulsion is thermodynamically unstable but kinet-
ically stable, the primary physical distinction between emulsion and nano-emulsion
is that the former is murky while the latter is quite transparent [13—15, 51].

2 Types of Nano-Emulsions

A fine dispersion of pharmaceuticals in nanodroplets makes up a nano-emulsion,
an isotropic, transparent, or translucent, heterogeneous system of two immiscible
liquids. An interfacial layer of emulsifiers and co-emulsifiers stabilizes it. With small
droplet sizes (20 to 400 nm), a uniform size distribution, and various physicochem-
ical and biological properties from other emulsions (>500 nm), they are thermo-
dynamically and kinetically stable systems. The two immiscible phases are often
supplemented with substances soluble in either oil or water. In the presence of an
emulsifier, mixing oil and water results in a coarse emulsion that can spontaneously
transform into a nano-emulsion or be made using high energy [28, 61, 64, 68, 69].
In their simplest form, emulsions consist of two phases, one of which is hydrophilic
and the other of which is hydrophobic (Fig. 3). These emulsions are therefore named
as (O/W) emulsions, where small oil droplets are scattered through water, or (W/
O) emulsions, where small water droplets are disseminated through oil. However,
by enclosing an emulsion within an emulsion named as a double emulsion and
creating water-in-oil-in-water (W/O/W) or oil-in-water-in-oil (O/W/O) emulsions,
more complexity may be added to these straightforward systems. In the past, creating
double emulsions required creating an initial internal emulsion, which was encircled
via creating a second emulsion on top of the initial emulsion. Double emulsions
provide extra difficulties in their formation and stabilization, including the need
for lipophilic and hydrophilic surfactants to stabilize each oil-water interface and a
higher propensity for degradation and coalescence because of diffusion between the
phases. Rekindled research interest has been shown in uniform double emulsions
produced by microfluidic devices for use as microreactors or templates for particle
production [42, 53].

Oil, water, and a surfactant make up typical nano-emulsions. Choosing the suitable
surfactant is essential for creating and maintaining nano-emulsions. Nano-emulsions
are kinetically stable but thermodynamically unstable. In other words, nano-emulsion
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Fig. 3 Emulsion forms are
divided into continuous and
scattered phases [81]
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phase separation happens with enough time. For use in a variety of pharmacolog-
ical, culinary, and cosmetic applications, nano-emulsions have been produced. They
must be toxic-free and biocompatible for all of these purposes. As a result, choosing
the right oil and surfactants is crucial. It is preferable to use biocompatible oils and
surfactants, such as vegetable or pharmaceutical-grade oils. In addition to surfactants,
proteins and lipids are frequently utilized to stabilize nano-emulsions. As it solubi-
lizes lipophilic medications intended to be utilized for a variety of diseases, the oil
phase is crucial in the formation of nano-emulsions. Depending on the administration
location, the quantity of oil in an o/w type nano-emulsion can range from 2 to 20%
w/w. According to Choudhury et al. [18], Biopharmaceutics classification system
(BCS) classes II and Intravenous (IV) medications are the best options for creating
o/w nano-emulsions since they help increase the solubility of the pharmaceuticals.
Isopropyl Myristate (IPM), Triacetin (Glyceryl triacetate), Sefsol 218 (Propylene
glycol mono ethyl ether), etc., are among the FDA-approved and GRAS-certified
oils that are favored over traditional high-density fixed oils like castor oil, coconut
oil, sesame oil, cottonseed oil, fish oil, linseed oil, mineral oil, olive oil, peanut oil,
and sunflower oil [18, 19, 76]. Based on their solubility and emulsification power, the
top emulsifier systems are chosen from a pool. Due to the less toxicity and irritating
than their anionic, and especially their cationic counterparts, non-ionic surfactants
are frequently applied. Emulsifiers are chosen based on the solubility in aqueous and
oil phases, hydrophilic-lipophilic balance (HLB) value, and lower toxicity, among
others. Non-ionic surfactants with an HLB value of 8-16 is ideal for creating an o/
w nano-emulsion.



Nanoemulsions Challenges and Future Prospects as a Drug Delivery ... 223

Depending on the composition, three types of nano-emulsions are most likely to
form:

e Water with oil where Oil droplets spread in a continuous aqueous phase in nano-
emulsions

e Water in a liquid nano-emulsions in which the continuous oil phase is diluted with
water droplets

e Bi-continuous Nano-emulsions, in which the system contains interspersed
microdomains of water and oil [12, 38, 75].

3 Components of a Nano-Emulsion

Oil: Oil s the second most important carrier after water due to its capacity to solubilize
lipophilic medication compounds and improve absorption toward the body’s lipid
barrier. Due to its exceptional capability to penetrate cell walls, oil is beneficial for
administering lipophilic active drugs (Fig. 4).

Surfactant: To aid in the dispersion of all components, the surfactant has to be
capable of reducing the interfacial tension as near to zero as possible. When making
a W/O nano-emulsion, Surfactants with HLB values between 3—6 are beneficial,
however surfactants with increased HLB values between 8 and 18 are useful for
making O/W nano-emulsions. Surfactants with an HLB value of 20 or higher operate
as co-surfactants to lower surfactant levels to acceptable levels and create microemul-
sions. The surfactants are non-ionic, anionic, cationic, and Witter ionic surfactants.
This impacts ionic surfactants. As a result, they are vulnerable to stability concerns

Fig. 4 Nano-emulsion components [29]
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and typically are not favored because of toxicity worries. However, non-ionic surfac-
tants are more common than other types because they may be used to make safe
medicinal dosage forms.

The following are examples of non-ionic surfactants:

Co-surfactant: High quantities of single-chain surfactants are needed to lower
the interfacial tension between oil and water to the point where a nano-emulsion
can spontaneously form. Co-surfactants rise the fluidity of the interface because
it contains fluidizing groups such as unsaturated bonds, which destroys the liquid
crystal or gel structure and changes the HLB value in a way that results in the
spontaneous creation of nano-emulsion.

Aqueous Phase: The aqueous phase’s characteristics, such as potential of hydrogen
(pH), ionic concentration, and electrolytes, have an impact on the stability and droplet
size of the nano-emulsion. For the examination of spontaneous nano-emulsification of
nano-emulsion, aqueous phases such as plain water, simulated gastric fluid (pH 1.2),
Ringer’s solution, simulated intestinal fluid (pH 6.8), and phosphate buffered saline
can be utilized. Based on the aqueous phase’s aforementioned characteristics, when a
medication with pH-dependent solubility is added to the system, the phase behavior
of nano-emulsions can be drastically affected. Consider the following illustration
to comprehend the makeup of a nano-emulsion. Using the medication mebudipine,
Samira Khan and colleagues developed and assessed an oral nano-emulsion drug
delivery system. In this instance, deionized water served as the aqueous phase, Tween
80 and Span 80 served as surfactants, and ethanol served as a co-surfactant. Emulsion
formulations are frequently used to dispense medications because they improve the
pharmacokinetic profile, increase the solubility of hydrophobic chemicals, and lessen
side effects that patients may encounter [36, 62]. Emulsions can be given to patients
in many ways, which are shown in Fig. 5.

4 Manufacturing Nano-Emulsions

As two incompatible phases are forced together mechanically, the scattered phase is
sheared into tiny droplets, forming an emulsion. It is possible to distinguish between
high and low energy sources of shear force used to create emulsions by employing
a device to implement the shear force (high energy) or by comprehending how the
physical properties of each liquid phase and the chosen surfactants modify as a result
of the chemical or thermal energy in the system (low energy). It takes two steps
to create nano-emulsions: coarse emulsions must be developed, and then the large
droplets must be broken down into nanoparticles using high-pressure homogenization
or ultrasonication. They are prepared using a variety of techniques, including high-
and low-energy emulsification techniques and combination techniques. High-energy
stirring, ultrasonic emulsification, high-pressure homogenization, microfluidics, and
membrane emulsification are prioritized among the high-energy approaches. The
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phase inversion temperature method, the emulsion inversion point method, and spon-
taneous emulsification are the low-energy emulsification techniques that receive
the most consideration. Reverse nano-emulsions may be made in dense environ-
ments using a combination technique that combines high-energy and low-energy
emulsification [44].

4.1 Method of Preparation of Nano-Emulsion

4.1.1 High-Pressure Homogenization (HPH) Method

High pressure is applied to a system consisting of an oil phase, an aqueous phase, and
a surfactant or co-surfactant to carry out this operation. With the use of the homog-
enizer, pressure is exerted. Poor productivity and component degradation owing to
excessive heat generation are some issues with homogenizers. This technique can
only be used to create liquid O/W nano-emulsions with less than 20% oil phase;
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it cannot generate cream nano-emulsions with high viscosities or hardness with a
mean droplet diameter smaller than 200 nm. By using this technique, an oil fraction
of 20% O/W nano-emulsions may be created. With rising oil content, average droplet
diameters increase, as Anne Desrumaux and her colleagues demonstrated, because of
the constraint on surface-active agents in most oil-concentrated emulsions caused by
the significant rise in the interfacial area produced via the homogenizing procedures
[65].

Furthermore, the development of droplet clusters or aggregates, which leads to a
rise in droplet size, can be blamed for the majority of oil-concentrated emulsions’
shear-thinning tendency. Therefore, using the high-pressure homogenization tech-
nique to prepare W/O nano-emulsions will not be able to produce nano-sized droplets.
Here, a system including an oil phase, an aqueous phase, and a surfactant is put under
great pressure. A high-pressure homogenizer, also known as a piston homogenizer, is
used to carry out this procedure. The microparticles first enter the valve with a slow
velocity. The positive-displacement pump, which produces a consistent flow rate,
subsequently produces the pressure. A high-velocity liquid that contains micropar-
ticles travels between the valve and the seat. Pressure falls concurrently with an
increase in velocity. Finally, the fluid is released as a homogenized nano-emulsion
[26].

4.1.2 Ultrasonication

Applying ultrasonic radiation to stir particles in a sample is called sonication. Ultra-
sonic emulsification mostly happens via two methods. First, applying an acoustic field
creates interfacial waves that eventually turn unstable and cause the oil phase to erupt
as droplets into the water medium. Second, using low-frequency ultrasound results in
acoustic cavitation, which is the production and subsequent collapse of microbubbles
caused via a sound wave’s pressure variation. High amounts of intensely concentrated
turbulence are produced by each bubble collapse (a microscopic-scale implosion)
occurrence. The original droplets of dispersed oil are effectively broken up into
droplets of sub-micron size using turbulent micro-implosions [34, 80]. There are
two primary processes used in ultrasonic emulsification. It is primarily based on the
acoustic field, which produces an interfacial wave-forming oil phase that disperses
as droplets in the dispersion system. The second process involves ultrasound, which
improves acoustic cavitation and causes microbubbles to develop and burst as a
consequence of pressure changes brought on by a single sound wave. Similar to this,
other types of extremely localized turbulence are produced, eventually leading to
micro implosions that ultimately cause the breakup of big droplets into sub-micron-
sized ones [35, 79]. Typically, this method uses solid surfaces that vibrate at 29 kHz
or higher frequencies to stir a pre-mixed macroemulsion. Devices with focused horns
and sharp ends that use ultrasound that create severe shear and cavitation resulting
in droplet breaking are used to produce ultrasonic effects. Researchers have discov-
ered that the majority of ultrasonic systems create an inhomogeneous sound field.
As a result, recirculating the emulsion through the area of high power is necessary,
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and all droplets should encounter the highest shear rate. Obtaining emulsions with
homogeneous droplet sizes at diluted concentrations is also attainable by repeatedly
doing this sort of recirculation [82, 84].

Additionally, there are specific issues with the procedures since it is possible to
cause lipid oxidation, polysaccharide depolymerization, and protein denaturation.

The best approach for creating a nano-emulsion is this one. The droplet size of a
typical emulsion or microemulsion is lowered with a sonication process. However,
one drawback of this approach is that it can only be used to make small batches of
nano-emulsions; it is not appropriate for large batches. An effective screening method
for choosing excipients was developed by Sneh Priya et al. to produce the best nano-
emulsion formulation. The model medication utilized was quetiapine fumarate. The
ultrasonication method employs a probe sonicator to produce nano-emulsions. It is
possible to produce desired qualities by adjusting the quantity of oil, surfactants, and
secondary surfactants [58].

4.1.3 Microfluidization

It is a patented manufacturing technique that uses a tool called a microfluidizer. This
device applies a high-pressure displacement pump (500-20,000 psi) to move mate-
rials through a chamber with microchannels. The materials go to an impingement
area and become microscopic particles as they flow through the microchannels. An
inline homogenizer processes the liquid phases to create a coarse emulsion. The fine
nano-emulsion is then produced via passing the coarse emulsion across a microflu-
idizer. Up until the required particle size is achieved, this process is repeated. The
bigger particles are subsequently filtered out of the nano-emulsion using nitrogen [63,
66]. Most often, the microfluidic membrane approach is chosen. The pharmaceutical
sector uses it the most frequently to create delicate emulsions. This technique makes
use of a microfluidizer, which generates high pressures. High pressure throughout the
procedure propels the macroemulsion to the interaction chamber, allowing for nano-
emulsions with submicron-sized particles. The process can be repeated numerous
times while adjusting the operating pressure to produce uniform nano-emulsions
with the desired particle size. It’s a trademarked mixing technique. An apparatus
called a microfluidizer is used in this technique.

The substance is pushed through the interaction chamber using a high-pressure
positive displacement pump (500-20,000 psi) in this system. Microchannels, which
are tiny channels, make up this chamber. The product flows onto an impingement
region, producing submicron-sized small particles. In this instance, an inline homog-
enizer is used to blend and treat two solutions (the aqueous phase and the oily phase)
to create a coarse emulsion. A microfluidizer is used further to convert the coarse
emulsion into a stable nano-emulsion. It has been proven to be more effective than
ultrasonography. Still, because of the expense of manufacturing, the risk of equip-
ment contamination, and the need for aseptic processing, this technology is less
useful [29, 63].
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4.1.4 Phase Inversion Temperature

Chemical energy from phase changes resulting from the emulsification process is
used to create fine dispersion. The proper phase transitions are produced by varying
the composition at a constant temperature or the composition at a constant tempera-
ture. Based on the idea that a surfactant of the type polyoxyethylene (POE) changes
in solubility with temperature, the phase inversion temperature (PIT) approach was
developed. Due to the polymer chain’s drying with increasing temperature, this
surfactant develops a lipophilic nature. At low temperatures, the surfactant mono-
layer displays a sizable positive spontaneous curvature, resulting in the formation
of an oil-swollen micellar solution phase [65]. Low energy and spontaneous emul-
sification are characteristics of the emulsion inversion point (EIP) approach. At a
steady temperature, it leads to the gradual dilution of thermodynamically stable
liquid crystals or microemulsions with W/O, respectively, to make direct or inverse
nano-emulsions that are thermodynamically unstable but kinetically stable [11, [25,
40, 60]. The PIT approach involves raising the temperature of the emulsion system to
shift the surfactant’s solubilizing pattern from hydrophilic to lipophilic, which results
in the formation of bicontinuous microemulsions and emulsion inversion. There are
four steps in the procedure (Fig. 6). (a) When the temperature is below the PIT, a
macro-emulsion and primarily hydrophilic non-ionic surfactants are present. (b) As
the temperature rises, the surfactants progressively turn lipophilic and are dissolved
via the oil phase. In case (c), bicontinuous microemulsions occur when the tempera-
ture reaches the PIT. (d) Oil and lipophilic surfactant are mixed with water when the
temperature is raised above the PIT, and the emulsion is inverted. The system is then
rapidly cooled via water dilution, which instantly makes the surfactant hydrophilic
and triggers spontaneous and quick migration to the aqueous phase. As a result of
this turbulent displacement, nano-emulsions are created [3].

4.1.5 Spontaneous Emulsification

There are three primary phases in this procedure, which are as follows:

Creating a homogenous organic solution with hydrophilic and lipophilic surfac-
tants dissolved in a water-soluble solvent. After that, the water-miscible solvent is
eliminated by evaporation under decreased pressure after the organic phase is intro-
duced into the aqueous phase while being stirred magnetically. The quantification of
quercetin or methyl quercetin (MQ) included in topical nano-emulsions was verified
by Daniel Fasolo et al. using an isocratic liquid chromatography (LC) technique.
The nano-emulsions were made utilizing the spontaneous emulsification technique.
In this procedure, the water phase is stirred magnetically for 15 min while an organic
phase containing elements of the oil core is injected into it. The organic solvent was
then eliminated using evaporation at 40—45 °C under decreased pressure [10, 11, 24].
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Fig. 6 Making nano-emulsions with the PIT technique. A phase inversion occurs in an oil/water/
non-ionic surfactant system [3]

4.1.6 Membrane Emulsification

A low-energy nano-emulsion approach is membrane emulsification. This approach
produces an emulsion with a limited size distribution range and requires very little
surfactant. This method involves converting a dispersed phase into a continuous phase
by passing it through a membrane. This method’s disadvantage is that it possesses
a negligible dispersed phase flux across the membrane, which can be problematic
when scaling up [29].

4.1.7 Emulsion Inversion Point
This method involves varying the system’s composition while maintaining a constant

temperature. To make the kinetically stable nano-emulsions, dilution with oil or water
is done gradually to generate structures [29].
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5 Drug Delivery Applications

Nano-emulsions are a new drug delivery technology that enables the regulated
or sustained release of genetic material, drugs, and active biological ingredients.
Emulsions and surfactants offer a versatile framework for developing various
nanomedicines due to the simple manufacture and well-understood characteristics.
Because of their small size, they can prolong blood circulation, penetrate deeply
into tissues, and engage in special bio-nano interactions. While various hydrophobic
cargo, including medicines, photosensitizers, and contrast agents, can be transported
in the oil core. Although there has been an increase in interest in nano-emulsions over
the past two decades, mainly for the creation of nanoparticles, direct uses of nano-
emulsions in consumer items have just recently emerged, primarily in medicine and
cosmetics. However, as a result of instability or low solubility in the carrier, medica-
tion effectiveness may be severely constrained, so developing effective drug formula-
tions has long been challenging. Nano-emulsion is used to increase the solubility and
bioavailability of medications that are not water soluble. The transport characteristics
of the drug would be impacted by the nano-sized droplets that would significantly
increase the interfacial areas associated with nano-emulsion. This formulation has
recently attracted a lot of attention for delivering hydrophilic and hydrophobic phar-
maceuticals as drug carriers because of its enhanced ability to solubilize medications,
prolonged shelf life, simplicity of production, and increased bioavailability of drugs
[41,72].

5.1 Oral Delivery

The oral route is the most practical, straightforward, and economical method for
the non-invasive administration of drugs, thus Based on this concept, medication
delivery technologies today control the pharmaceutical industry. Additionally, itis the
optimal strategy for achieving treatment objectives due to improved patient comfort.
Concerning elderly, pediatric, and maybe trauma epileptic patients, this distribution
method has several disadvantages. In addition, due to their nonconducive physio-
chemical characteristics, certain medications are intrinsically challenging to admin-
ister via the oral route. In terms of a drug’s gastrointestinal tract (GIT) solubility,
stability, and absorption, oral delivery of insoluble medications presents some signif-
icant challenges. Peptide medications experience hydrolysis and enzymatic degrada-
tion, which restricts their bioactivity and intestinal absorption [47]. Additional down-
sides might result from some medications’ inability to penetrate the cell walls of the
epithelium. Using aqueous-dispersible particle delivery methods, solid dispersions,
complexing with cyclodextrins, amorphization, and micronization/nanonization are
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just a few of the methods that have been proposed to boost the overall drug bioavail-
ability. In the last ten years, numerous research teams using nano-emulsion tech-
nology have reported significant increases in the oral bioavailability of hydrophobic
and poorly soluble drugs [30, 56].

5.2 Parenteral Delivery

Although drugs with poor solubility are typically thought to be unsuitable for
parenteral administration, they are capable of being made into parenteral dosage
forms thanks to nano-emulsification techniques. Using biodegradable surfactants
guarantees effective pharmacological action without interfering with the body’s
normal biological processes. According to arecent study, the broadly applied anticon-
vulsant carbamazepine, which has low solubility, can be made into a nano-emulsion
using a spontaneous emulsification process with 2 mg/mL, where 95% of the drug is
released in just 11 h. Another study demonstrates that the IV preparation of thalido-
mide (0.01-0.05% w/w) released 95% of the drug within 4 h of spontaneous emul-
sification [5, 33]. For this kind of delivery system, choosing the suitable emulsifiers
that can create mono- or multilayer structures surrounding the oil droplets to promote
the creation of nano-emulsions and increase nano-emulsion stability is crucial. The
phospholipids most frequently utilized in the design of parenteral administration
systems are semi-synthetic materials, such as di-oleoyl phosphatidylethanolamine
(DOPE) and di-stearoyl phosphatidylcholine (DSPC), come from natural sources,
such as lecithins. Lecithins can come from either plant or animal sources, making
them biocompatible and degradable. The emulsions’ long-term stability depends
heavily on the proportion of lecithin phospholipids with charged polar head groups.
Electrostatic repulsion results from the comparatively high-negative charge that these
head groups impart to the droplet surfaces. Although natural surfactants are preferred
to synthetic surfactants, adjuvant emulsifying compounds have been utilized to boost
emulsion stability since they produce enough emulsification outcomes. Their applica-
tion is, however, constrained by hemolytic reactions and modifications in the droplet
diameter of nano-emulsions stabilized by Tween 80 after autoclaving [67].

5.3 Transdermal and Topical Delivery

Although numerous types of nano-emulsion have been investigated as drug delivery
vehicles, it is highly desirable to expand research into dermal and transdermal drug
delivery using engineered nano-emulsion technology to broaden its exceptional
applications. Topical drug delivery based on nano-emulsions can significantly get
around this obstacle. Drugs often enter the skin through three different pathways:
sweat ducts, stratum corneum, and hair follicles. The small nanoparticles easily
penetrate the pores in nano-emulsions (Fig. 7).
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Fig. 7 Comparison of the standard transdermal formulations and nano-emulsions for skin barrier
crossing [70]

Although many treatments have been identified, only a few medications have had
clinical success. The lower "bioavailability" and poor site specificity are frequently
blamed for the lower success rate. The drug administration route, organ physiology,
and metabolism primarily influence these measurements [74]. The systemic route
shows a rapid fluctuation in drug plasma levels, either below or above, necessi-
tates frequent dosing, and hurts when administered. As a result, systemic medication
distribution might occasionally be painful. The skin is the most practical place for
medication administration because of its adaptability. It has primarily been used to
treat various skin conditions. The transdermal method of medication administration
has been regularly used to treat a variety of systemic diseases, including cancer,
diabetes, arthritis, and hypertension. It aids in overcoming the limitations of intra-
venous and oral routes. The molecular size of the drugs and their hydrophilicity or
lipophilicity can affect their ability to be delivered topically [22]. Topical medication
delivery reduces frequent dosage and helps maintain steady drug plasma levels for
longer than oral or parenteral drug administration. The release of medications at the
stratum corneum or in deeper layers of the epidermis is ensured by ensuring the
interaction of nano-sized globules with skin cells. Because of the smaller droplet
size, higher zeta potential, lower polydispersity index, higher elasticity, and a variety
of nano-emulsion and emulsifiers, altering the physiochemical properties of drugs
enhances their ability to physically interact with cellular membranes and pass through
the stratum corneum and epidermal layer [1, 57].

5.4 Intranasal Delivery

Another dependable route for administering some medications is intranasal drug
delivery. The nasal mucosa has become a therapeutically effective route for admin-
istering systemic medications. Also, it appears helpful to get around barriers to
direct drug entry into the target site. Since ancient times, The Indian medical system
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Ayurveda has employed this technique. More recently, however, it has gained popu-
larity over oral medication delivery since it promotes greater systemic bioavailability
by bypassing the drug’s gastrointestinal digestion [48].

Additionally, painless, non-invasive, and well-accepted is the intranasal approach.
Targeting medications in the brain presents several challenges, particularly for
hydrophilic and high-molecular-weight drugs. This is due to the blood—brain barrier’s
endothelium’s impervious nature, which separates systemic circulation from the
brain. The nasal mucosa’s olfactory area serves as a direct conduit between the
brain and the nose. To treat or manage illnesses, nano-emulsions have been loaded
with medications. Polar medicines for treating chronic central nervous system (CNS)
disorders like Parkinson’s or Alzheimer’s disease have been delivered to the CNS by
nasal administration. Intranasal administration of vaccines, which is covered else-
where in this chapter, offers several benefits over oral and parenteral administration.
Nevertheless, the main limitations of nasal medication administration are their limited
capacity, difficulties in achieving dosage precision, and repeatability. Drug penetra-
tion, residence duration, and metabolism in the nasal cavity are frequently influenced
by the delivery method, formulation, and administration approach [46, 83].

5.5 Ocular Delivery

Due to its excellent solubility and permeability through barriers, it is one of the most
often used ocular drug delivery systems. When made into a nano-emulsion, several
poorly soluble medications are now soluble. The typical drug delivery strategy has
some limitations, including low bioavailability and a diminished pharmacothera-
peutic impact because of subsequent lacrimal discharges from the eye. As demon-
strated in Fig. 8, most of the medicine supplied is drained away, resulting in a dimin-
ished therapeutic impact. The nano-emulsion is prioritized as one of the therapeutic
administration methods because it lengthens the time the medication is in touch with
the eye, which solves patient issues including needing to administer drugs frequently.
Many research scientists have learned how to create nano-emulsions using high- and
low-energy techniques [15, 17].

High-energy methods include ultrasonication, high-shear stirring, and other
processes involving the input of high energy and the creation of nanodroplets. Low-
energy approaches employ internal chemical changes or temperature changes that
result in the production of nanoparticles rather than any external pressure. The phase
inversion temperature approach and phase inversion composition technique are two
examples.

Because of lacrimal secretion and nasolacrimal drainage in the eyes, conventional
eye drops used for ophthalmic medication delivery have low bioavailability and phar-
macological effects. Cationic nano-emulsions interact with the negatively charged
corneal cells and enhance medication absorption, making them superior delivery
systems for ophthalmic drugs (Fig. 9). In a study, dorzolamide hydrochloride, a
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possible antiglaucoma medication, was created as an eye nano-emulsion and shown
significant therapeutic efficacy and sustained effect [2, 39].
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6 Kinetics of Drug Release

The foundation of the nanocarrier concept is the notion that extremely tiny nanoparti-
cles can cross biological barriers. The targeted medications are contained by nanocar-
riers, which can be polymers, amphiphilic lipids, or solid colloidal particles. Gold,
ceramic (70), and solid lipid nanoparticles, nanocomposite (71), carbon nanotubes,
liposomes, and polymer-drug conjugates are a few types of nanocarriers. The process
of encapsulating pharmaceuticals in nanoparticles can be done in several different
ways. Nanocarriers are designed to deliver drugs to specific tissues while avoiding
the immune system’s reaction. One method for making drug-entrapping nanocar-
riers is to employ a nano-emulsion system. Drugs may either be attached to the
surface of nanocarriers or trapped inside them. The nanocarriers are being prepared
using a variety of emulsification techniques. The medicine can even be delivered via
nanocatriers exceptionally well across the Blood Brain Barrier (BBB) [32, 77].

7 Stability in Nano-Emulsions

Though kinetically stable, there is a chance that the various phases will eventu-
ally separate in nano-emulsions. Nano-emulsions are thermodynamically unstable
systems that gradually divide into two distinct phases. An effective emulsion can
retain its fundamental qualities for weeks or years while having a lengthy shelf
life when stabilized by surfactants, making emulsions kinetically stable. This is
crucial for translating nano-emulsion into a variety of applications. Still, it’s espe-
cially essential for emulsion nanomedicine, where gradual formulation changes could
negatively impact a patient’s health. To ensure that nano-emulsions are prepared and
stored correctly, it is crucial to comprehend the processes of emulsion destabiliza-
tion and stabilization. According to the Derjaguin, Landau, Verwey, and Overbeek
(DLVO) hypothesis, attractive van der Waal interactions and repulsive electrostatic
double-layer forces combine to provide emulsion stability. Since the two forces are
considered separate, adding their sums at certain distances results in the total energy
of interaction (FT), which provides a reliable estimate of stability up to around 5 nm.
Repulsive forces predominate the contact energy when droplets are far apart, favoring
colloid stability. However, when droplets become closer to one another, attractive
forces dominate, leading to instability. According to the DLVO hypothesis, the emul-
sion experiences colloidal instability when the attractive forces take control (Fig. 10)
[21, 54].

Larger droplets develop at the expense of smaller droplets during the Ostwald
ripening process, which involves the diffusion of the dispersed phase across the
continuous phase. The Kelvin effect, which states that particles with a smaller diam-
eter have a higher solubility in solution, causes this process, decreasing the dispersed
phase’s total surface area and lowering the Gibbs free energy [52]. Ostwald ripening
can be prevented by utilizing a dispersed phase with extremely low solubility in
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Fig. 10 Emulsion destabilization mechanism illustrated [81]

the continuous phase and making sure that droplet sizes are monodisperse. Ionic
surfactant-coated emulsions draw counterions from the solution to create an elec-
trical double layer, which enables electrostatic stability via repulsive forces (Fig. 11)
[78]. The Stern layer of tightly bound counter ions, the charged emulsion surface,
and a diffuse layer of highly concentrated loosely bound ions and counter ions make
up an electrical double layer. The slip plane is where the diffuse layer stops moving
together with the emulsion droplets. A crucial indicator of an emulsion’s stability is
the charge at the slip plane, which is applied to calculate an emulsion’s zeta potential
and is where particularly positive or negative emulsions are more stable [20].

Droplet size, surface charge, and emulsifier composition directly impact how
stable a nano-emulsion is the combined impact of the three factors as mentioned
earlier impacts the stability of the nano-emulsion. A good emulsifier mixture creates
a flexible interface between two immiscible liquids and aids in suspending the
dispersed phase as small droplets in the dispersion medium. Figure 12 provides
a typical example. Multi-component biopolymer-based nano-emulsions have been
successfully developed using combinations of surfactant, primary electrolyte, and
secondary electrolytes [4, 37, 43].
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Fig. 11 Illustration of the charged emulsion droplets’ electrical double layer [81]

8 Future Prospects

Recently, nano-emulsions have been developed and are currently being tested
for various severe diseases and medication therapy-related restrictions. Increases
in medication permeability and bioavailability are being made gradually. Recent
research by Mendes and his colleagues has demonstrated that locoregional injection
of lipid nano-emulsion concentrates more in breast cancer while limiting contact with
healthy cells. As aresult, it could be a potential strategy in neoadjuvant chemotherapy
for cancer therapy [50]. Hyun-Jong Choc and colleagues discovered that a brand-
new lipid nano-emulsion technology might enhance granisetron penetration. Fisetin’s
nano-emulsion formulation has been shown to increase its bioavailability and anti-
tumor efficacy in mice, according to a study team led by Choi et al. [16], Ragelle
et al. [59].

Along with nanosuspension and other solubility improvement methods, nano-
emulsion has recently emerged as a promising strategy to increase the bioavailability
of several medications. Currently, the formulation of several medications as nano-
emulsions is being tested.
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Fig. 12 Stabilization mechanisms [61]

The preparation of nano-emulsions may be done in various ways, giving scien-
tists several options. Nano-emulsification methods are also being used to create
nanocarriers, nanoparticles, and nano capsules. The use of nano-emulsions signifi-
cantly reduces the challenge of piercing physiological membranes. Based on nano
emulsification, it is possible to create a variety of medications that would have a
considerably lower dosage, be delivered to the intended location, have a higher local
concentration, and have fewer adverse effects. Nano-emulsions are erasing barriers to
building more specialized and focused medication delivery. As aresult, it is emerging
as a top formulation choice and has ushered in a new era in the pharmaceutical treat-
ments. In practically all drug administration methods, nano-emulsions are being
created and used as pharmaceutical delivery systems. The enhanced solubilization
and distribution of poorly soluble actives have received the most outstanding research
attention among the many drug delivery applications. To guarantee that this tech-
nology is widely used in industry, practical, dependable, safe functional components
and cost-efficient, reproducible production techniques are needed [71].
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9 Conclusion

Nano-emulsions’ ability to solubilize non-polar active chemicals has led to several
uses for them as drug delivery methods in the pharmacy field. For the administration
of pharmaceuticals, biologicals, or diagnostic agents, nano-emulsion formulations
provide some benefits. They can manage drug release, preserve labile pharmaceu-
ticals, improve pharmaceutical solubility, boost bioavailability, and lessen patient
variability. Most suggested formulations are self-emulsifying systems due to stability
issues, and nano-emulsions are created shortly before use. Although not many appli-
cations in other domains have been described, there is a lot of promise for nano-
emulsion applications if insoluble oils constrain the Oswald-ripening destabilization
process. If breaking and coalescence compete for operations during the process,
an optimal shear or temporal shearing may be possible in manufacturing nano-
emulsions. Recent work reveals that crossing bicontinuous or continuous aqueous
phases during emulsification permits getting O/W nano-emulsions with tiny droplet
sizes and low polydispersity. This is relevant to optimization in the creation of
nano-emulsions by low-energy techniques. The conclusion is that an ideal surfactant
mixture composition or HLB typically exists and that the larger the oil surfactant ratio,
the larger the droplet size may be drawn from optimizations by selective adjustment of
parameters or experimental designs. If the system is tuned for composition, prepara-
tion factors like addition, agitation, or cooling rate often have little to no impact. This
conclusion has a crucial derivation: if primary factors have no bearing on the system,
it may be scaled up from the lab to the industrial setting with identical outcomes
to be anticipated. For over 40 years, clinics have used Nano-emulsions as fluids for
whole parenteral feeding. A new path has been made possible by targeting moiety to
precisely deliver medications, genes, photosensitizers, and other compounds to the
tumor site. As a concluding observation, it appears from the current literature that the
preparation and use of nano-emulsions are becoming more popular. It is anticipated
that more research will be done in the near future for the clinical implementation of
these forms of targeted delivery vehicles.
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Abstract Nanoemulsions are colloidal dispersion systems comprised of emulsi-
fying agents and two immiscible liquids and today there is a growing demand for
using them in food, pharmaceuticals and cosmetics. Over the last decade, nanotech-
nology has emerged as the most compelling sector in the cosmetics industry. Among
numerous methods, nanoemulsions emerged as a delivery method with enormous
potential and tremendous appeal in the cosmetics industry. A great deal of research
has been done on nanocosmetics and nano cosmeceuticals for the lips, teeth, nails, hair
and skin, and it has been discovered that adding nanoparticles to products increases
their effectiveness and customer satisfaction. The skin care business places a high
value on nanoemulsions because of their favourable biophysical characteristics (espe-
cially their hydrating power) and sensory features (merging textures and rapid pene-
tration). Thus, in present chapter, an attempt has been made to provide in depth
information about the use of these nanoemulsions in cosmetic industry.
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1 Introduction

The term nanoemulsion is comprised of the two terms nano and emulsion. The term
“emulsion” is a liquid created by the dispersion of either oil in water or water in
oil when the presence of a surfactant is present whereas the term “nano” refers
to a small size ranging from 1-100 nm. Emulsions are compositions that are both
kinetically and thermodynamically stable. An emulsion’s composition and structure
vary depending on its content, and such emulsions are employed in cosmetic items
based on their distinct features. Emulsions can be manly divided into four categories:
water in oil, oil in water, oil in water in oil, and water in oil in water. The size
of nanoemulsion particles ranges from 10 to 200 nm. The compositions known as
nanoemulsions are less viscous, kinetically stable, have a larger surface area at the
interface, and have a higher solubilization capacity. They have an appearance that
is translucent or transparent. The dispersed phase of nanoemulsions is made up
of microscopic particles or extremely small droplets that have very low water or oil
interfacial tensions. The core of nanoemulsions is made up of lipophilic parts whereas
phospholipids make up the outside layer. Since the lipophilic part makes up the core
of nanoemulsions, they are appropriate for the transport of lipophilic substances.
Sedimentation, creaming, coalescence, flocculation and are the main issues that are
solved with the use of nanoemulsions [3, 10, 21, 41, 56].

Co-solvents that are water soluble and surfactants, oils, lipids, and water are
all components of nanoemulsion systems. Free fatty acids, vegetable or mineral
oils, tri-, di-, or mono-acylglycerols and other triglycerides may be used in the oil
phase of nanoemulsion formulations [22]. Drug Typically, solubility is taken into
account when choosing an oil. The development of nanoemulsions typically begins
with oil phases with high drug loading [5, 52]. Frequent emulsifiers employed in
nanoemulsion processes for food and medicine shipment include polyoxyethylene
(POE) derivatives of sorbitan fatty acid ester (spans), lauroyl macrogol glycerides
(GelucireR 44/14), carbohydrates (derived from gum and starch), and lipid [34, 59,
60]. Incredibly a little negative surface tension is necessary to regard nanoemulsion
production. Co-solvents or co-surfactants are used in conjunction with a surfactant
in order to achieve this. Transcutol-P (diethylene glyco monoethyl ether), ethylene
glycol, propylene glycol, ethanol, polyethylene glycol, propylene glycol, glycerin,
and Often used in the creation of nanoemulsion systems, propanol is a co-surfactant
or co-solvent [33, 43, 60, 66].

Because of the fact that nanoemulsions are an extremely effective medium for
the regulated release of functional ingredients, there is a substantial market for their
application in numerous cosmetic products. Nanoemulsions are used in numerous
cosmetic items, including body lotions, face and hair serums, hair conditioners,
perfumes, and many more. The substance having nanoemulsions can be absorbed into
the skin quickly and easily. It also moisturizes the skin and delivers active substances
on target. Employing nanoemulsions has several important advantages, including
higher absorption rate, simplicity of formulation into foams, liquids, creams or
sprays, lack of toxicity and irritation, and compatibility for both lipophilic and
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hydrophilic drug delivery [64, 67]. The silicone oil-in-water nanoemulsions can
improve the silicone oil’s absorption on the surface of the hair. The nanoemulsion
system is useful for making shampoos because they are thermodynamically and
self-assembled stable systems that are simple to create, transport and maintain [24].
Additionally, because of its tiny particle size, it can disperse quickly into the hair.
Furthermore, it may efficiently combine washing and hair care into a single step,
saving both time and effort. Thus, this chapter’s goal is to give in-depth information
on the application of nanoemulsions in cosmetics.

2 Method of Synthesis

The best way to create nanoemulsions, which have extremely small particle sizes,
is with high-pressure machinery. High-pressure homogenization and microfluidiza-
tion, which are applied on both a laboratory and an industrial scale, are the most
often utilized techniques for creating nanoemulsions [46]. These processes are also
appropriate for ultrasonication and in-situ emulsification [7, 25]

2.1 High Energy Methods

(a)

(b)

High Pressure Homogenization

Higher pressure homogenization is essential to the production of nanoemul-
sions. With the help of a strong homogenizer or piston homogenizer, this tech-
nique produces nanoemulsions with very tiny dimensions of the particles (up
to 5 nm). Moving the concoction of aqueous phase and oily phase via a small
input aperture at a strong pressure (500-5000 psi) generates high hydraulic
shear and turbulence to occur with the product, which results in the production
of exceedingly minute emulsion particles. The resultant particles are composed
of an aqueous monomolecular coating of phospholipids surrounding a liquid,
lipophilic core. The only downsides of this approach, which has a high level of
efficiency, are During processing, there is a large energy expenditure and colloid
temperature rise [15, 22].

Micro Fluidization

In the mixing procedure known as micro-fluidization, the use of a tool known
as a micro-fluidizer is made. The object needs to be driven via the interac-
tion chamber, which is comprised of microscopic channels known as “micro-
channels,” using a rising positively displacement pump in this device (500 to
20,000 psi). Submicron-sized particles are produced as a result of the material
flowing via micro-channels and onto an impingement area. The two solutions,
the oily and the aqueous phase, are mixed and made into a coarse emulsified
using an inline homogenizer. The unstable nanoemulsion is produced by further
processing the coarse emulsion in a micro-fluidizer. The interaction chamber’s
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micro-fluidizer is used to continually push the rough emulsion through until the
target particle size is achieved. To remove big droplets and create a homoge-
nous nanoemulsion, the bulk emulsion is run through a filter that is submerged
in nitrogen [51].

(¢) Ultrasonication
Many academic articles that aim to use ultrasonic sound frequency to reduce
droplet size report on the creation of nanoemulsions. An amplitude and
frequency sonotrode is used in a different technique at system pressures higher
than ambient pressure. It is generally known that when external pressure rises,
the cavitation threshold in an ultra—sonic field sharp rise, resulting in a reduc-
tion in the formation of bubbles. However, raising the pressure also raises the
cavitation bubbles’ collapse pressure.
As a result, when cavitation takes place, the bubbles collapse more violently
and with greater strength than when the pressure is at atmospheric levels. The
main process of energy dissipation in a lower frequencies ultrasonic system is
cavitation, hence fluctuations in the power density can be directly correlated
with variations in the navigational intensity. To maintain an ideal temperature,
the system additionally uses a water jacket [47, 58].

2.2 Low Energy Methods

(a) Phase inversion emulsifying
To create fine dispersion, this method leverages chemical energy from stage
changes brought on by the emulsification pathway. In this approach, phase
change occurs during the emulsification process due to the surfactant’s sponta-
neous curvature. Surfactant spontaneous curvature varies according to changes
in variables like temperature and composition. The phase transition is caused
by altering the composition of the emulsion while keeping the temperature
constant, or vice versa. Phase inversion temperature (PIT) and phase inversion
composition (PIC) are the two categories of transitional phase inversion [62].
The PIT procedure inverts the surfactant’s spontaneous curvature by changing
the temperature. Dehydration of polyoxyethylene (POE) groups of polyethoxy-
lated nonionic surfactants (i.e., polyethoxylated surfactants) results in increased
lipophilicity and subsequently causes variations to the surfactant’s curvature.
Phase inversion consequently occurs, leading to the formation of nanoemulsion
[18].
PIC involves adding one of the constituents, like water, to a combination and
then adding oil-surfactant or oil to the water-surfactant mixture. In order to
create nanoemulsions, POE type nonionic surfactants are frequently used in the
PIC process [36].



Role of Nanoemulsions in Cosmetics 249

(b) Automatic emulsification
There are three primary steps.

(a) Using surfactants that are both hydrophilic and lipophilic and dissolving
them in a water-soluble solvent to produce a homogeneous organic solution.

(b) The liquid layer was combined with the organic layer and stirred magnet-
ically to produce an o/w emulsion.

(c) The component that was water-miscible evaporated when the pressure was
lowered [50, 59].

(c) Membrane emulsification
Membrane emulsification is a method for creating low energy nanoemulsions.
With relatively little surfactant used, this method creates an emulsion with a
restricted dimension distribution range. In this method, a dispersed phase is
transferred over a membrane to create a continuous phase. Due to the poor flux
of the dispersed phase via the membrane, this approach has a problem scaling
up, which is one of its biggest drawbacks [19].

3 Challenges of Nanoemulsions in Cosmetics

The development of products that are dependable, stable, efficient, and appealing
while still offering customers the best value is an ongoing challenge for the cosmetics
sector. Early on in the process of developing new products, considerations for
safety, the environment, productivity, and quality must be made. Nanoemulsions
have considerable adaptability, allowing users to choose their preferred manufac-
turing method and a variety of chemicals, including active substances, lipids and
surfactants [28]. The impact of method or formulation component variations on end
products should be investigated logically [69]. The choice of an acceptable process
for a given system depends on factors including reproducibility, simplicity of scaling
up, and manufacturing time optimisation. It is also essential to comprehend how
surfactant-oil-water (SOW) phases behave whether they are processed, stored, or
in touch with skin or hair. The type of oil phase utilised to create O/W nanoemul-
sions affects the solubilization and effectiveness of lipophilic active components
[70]. Additionally, the use of nanoemulsions as a carrier system must ensure the
skin’s protection by preventing the infiltration of harmful exterior chemicals [12].
Knowing the main destabilising mechanisms well is necessary to guarantee long-
term stability in both standard and stressful situations without changing a product’s
ideal sensory qualities or performance [63]. The usage of nanoemulsions is limited
for several applications due to incompatibilities with specific cosmetic chemicals,
including as polymers, multivalent salts, pigments, and oxidants, which still need to
be resolved. It is recognised that variables like ethanol, water activity and pH, have
an impact on how long the colloidal systems of nanoemulsions preserve [20]. But it’s
also important to have a better understanding of how other factors, including particle
size, impacts on the preservation of colloidal solutions [17].



250 A. Kandwal et al.

4 Nanoemulsions as a Potential Carrier in Cosmeceuticals

Cosmeceuticals are herbal active ingredients in cosmetic formulations that when
applied to the skin provide therapeutic advantages. Cosmeceuticals have the greatest
benefit of being free of adverse effects, which is why they are so well-liked and
preferred in the market and their claim of boosting beauty has been demonstrated
over the past several decades. The use of cosmeceuticals has grown significantly
over the years in virtually every aspect of personal care, including the treatment of
psoriasis, bloating, and hair loss as well as wrinkles and hyperpigmentation [6, 13].

Numerous innovative techniques have been developed for their simplicity
in compatibility with cosmeceuticals, including liposomes, nanoemulsions, gold
nanoparticles, niosomes and solid lipid nanostructured materials. Nanoemulsions
have been widely employed as a carrier for the regulated administration of cosme-
ceuticals such as sunscreens, shampoos, lotions, nail polishes, hair serums and condi-
tioners. Nanoemulsions provide therapeutically active drugs with rapid skin penetra-
tion and active transdermal delivery. The thermal stability and moisturising effects of
an Opuntia ficus-indica (L.) Mill extract-formulated nanoemulsions-based moistur-
ising compounds were assessed by Ribeiro et al. [57]. Results showed improved
stratum corneum water content and stability for up to 60 days. Using the nano
emulsification technology, [23] developed gold nanoparticles that were loaded with
lipoic acid, Calendula officinalis extract, and Nigella sativa oil and they investigated
their potential in vitro cell culture studies for cell-based and cell-free antioxidant
properties and wound healing. The produced formulation, compared to the standard
Nigella sativa emulsion, showed improved wound healing and antioxidant property,
based on the results. This research created new opportunities for the development
of herbal medications that are more enriched and effective using other bioactive
ingredients. In their formulation of peppermint oil-loaded nanoemulsions, [38] used
medium-chain triglycerides that had been stabilised with food-grade biopolymers and
further converted to starch. The proposed formulation was tested for its antimicrobial
activities against Staphylococcus aureus and Listeria monocytogenes Scott A, two
Gram-positive bacterial strains, using the MIC and time-kill dynamic methods. As
compared to bulk peppermint oil, the results showed that nanoemulsions formulation
effectively suppressed both strains over the long term. Tatiya et al. [65] synthesized
a nanoemulsions gel for transdermal administration that contains G. glabra extract,
and they tested the formulation ex vivo and in vitro (antimicrobial investigation).
Results indicated that nanoemulsion formulation significantly increased the amount
of G. glabra extract that permeated it in comparison to aqueous extract solution, and
it also significantly increased the amount of antimicrobial activity. For example, [40]
successfully utilized a nanoemulsion as the target delivery technique and successfully
encapsulated vitamin E (an oil-soluble vitamin). In fact, water-in-oil nanoemulsions
are a more dependable approach in dermatology because a lipid film structure on the
skin makes the oil-soluble active ingredients more favourable. Nanosized range and
structure nanoemulsions have thus far been connected to mechanisms explaining the
improved skin penetration by these substances [9]. Surfactants in the formulation
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may be able to cross the stratum corneum’s diffusional boundary, resulting in great
penetration of cosmetic products. The water composition of nanoemulsions performs
a crucial functional task. Due to the stratum corneum’s hydration effect, percuta-
neous penetration of cosmetic products is improved when the water content of the
formulation is sufficiently higher. Thus, the active ingredient can now be distributed
throughout the skin barrier via nanoscale droplets disseminated in the continuous
phase of the nanoemulsions that can migrate easily through the stratum corneum [8].
Dirschka et al. [16] studied that the research on the treatment of actinic Keratosis with
BF-200 ALA gel and MAL cream shows a trend toward increased effectiveness in
the following three months and significantly decreased recurrence rates after a year
of follow-up. Abd et al. [1] investigated how to increase more caffeine transfollicular
using nanoemulsion formulations with oleic acid and eucalyptol as chemical pene-
tration enhancers. In this study, caffeine was used as a hydrophilic model drug that
was successfully transported into and through hair follicles. It was also revealed that
the optimized pharmaceutical formulations may have selectively targeted follicles
and surrounding areas for the specific medications. Kong et al. [35] suggested that
HA-GMS (hyaluronan-glycerol-a-monostearate) based nanoemulsion produces an
appealing colloidal transdermal carrier suitable for use in skin care and cosmetic
preparation. Nevertheless, the use of nanotechnology in cosmeceuticals is not a very
novel recent application. In the 1980s, it was initially introduced to the cosmeceutical
market in the preparation of liposomes. Numerous other nanoproducts that contain
stem cells, peptides, proteomics and epigenetic factors have since been developed
and are still being offered to customers [42]. Every year, major cosmetic companies
publish a number of patents relating to nanotechnology. This is why, these investment
and patents are crucial at this time for this reason (Table 1; Fig. 1).

Retinol is nano emulsified in porous polymer particles with a size range of 50—
200 nm to create the retinol polymer nanocapsule. The stabilization of retinol is then
accomplished using lecithin and mung bean medium-chain triglyceride extract [30].
A Japanese firm, Ands Corporation, is continuing to use a patent that describes the
creation of a 100 nm-sized nanoemulsion made up of phospholipid and lysophos-
pholipid nanoparticles distributed in water. A method for creating a dry collagen face
lIotion that combines gelatin protein or collagen with the formation of nanoparticle
powder with particle sizes between 10 and 40 nm was patented by Iwamoto Shigemi
and the cosmetic items and nanoemulsions were compounded [45]. A nanoemulsion
containing a skin-care formula and ginseng saponin metabolites for anti-aging that
also contains the same was converted into liposomes using a dermotropic emulsifier
for improved skin penetration to promote the synthesis of collagen fibroblast prolif-
eration [68]. Based on the rising number of patents, nanotechnology in cosmetics has
been increasingly successful. As consumers become more aware of the advantages of
nano-based cosmetic products compared to conventional cosmeceutical treatments,
it is clear that they prefer nano-based cosmetics (Fig. 2).

Nanoemulsions are a perfect delivery system for use in cosmetics because of
their simplicity in formulation, controllable particle size, enhanced stability, and
relatively low surfactant levels. nanoemulsions give formulators a bigger platform
to create a variety of modified formulations with different effective properties and
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Table 1 Summary of various nanoemulsions -based cosmetic formulations

Cosmeceutical Nanoemulsion | Method of Action Key
products based preparation references
formulation
Squalene and Nanocream Shock method The developed NE [11]
coconut oil via a phase formulation helped to
mediated inversion shrink the droplet size
nanoemulsions temperature from 3000 to 400 nm,
resulting in increased
solubility and
penetrating power
Rapeseed Topical creams | Sonicator Amplify the skin [31]
oil-mediated (20 kHz, 500 W, | membrane’s ability to
nanoemulsions 13 mm) absorb topical
lipophilic active
substances
Centella asiatica Lotion High-pressure Possesses stable [26]
extract mediated homogenization | physical characteristics
nanoemulsions while being stored and
has greater penetration
than
non-nanoemulsion
lotion
Curcumin mediated | Nanoemulsion | An aqueous Improve transdermal [4]
nanoemulsions as a carrier microtitration medication delivery
method with permeability for
high-energy inflammation and
ultrasonication wound healing
Norcanthridin Nanoemulsion | Aqueous phase | Improve the [71]
mediated as a carrier titration insecticidal efficacy
nanoemulsions method
Fluvastatin Hydrogel Aqueous phase | Effective [32]
mediated titration through-skin-layer
nanoemulsions method penetration
Hydrocortisone Gel Emulsification Effective treatment for | [61]
mediated Method topical atopic
nanoemulsions dermatitis
Glycyrrhiza glabra | Gel Significant [65]
Extract mediated antibacterial activity
nanoemulsions and faster penetration
rate
Lemon myrtle and | Nanoemulsion | Ultrasonication | NE showed good [48]
anise as a carrier stability and improved
myrtle-mediated antimicrobial
nanoemulsions properties

(continued)



Role of Nanoemulsions in Cosmetics 253
Table 1 (continued)
Cosmeceutical Nanoemulsion | Method of Action Key
products based preparation references
formulation
Nanoemulsions Nanoemulsion | Ultrasonication | NE can be used in [39]
incorporating citral | as a carrier antimicrobial activity
essential oil in the agrochemicals,
cosmetics and
pharmaceutical
industries
Vellozia squamata Cream Phase inversion | Showed god [53]
mediated method anti-oxidant activity
nanoemulsions
Opuntia ficus indica | Nanoemulsion | Emulsification The developed NE [57]
mediated as a carrier increased water

nanoemulsions

content of stratum
corneum showing its
moisturizing efficacy
and thus used as a
commercial
moisturizer

4

1

High Energy Approaches

Ultrasonification

Microfluidization

High Pressure
Homogenization

Fig. 1 Method of formation of nanoemulsions
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Emulsifying
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Fig. 2 Application of nanoemulsions (Adopted from [25])

sensory benefits, such as gels, foams, spray, fluids, and creams [14]. A list of several
NE-based cosmetic formulations is shown in Table 1. The effectiveness of cosmetic
goods is determined by their ability to incorporate functional and active ingredients as
well as their grace of appearance. Keeping this in mind, formulators face a significant
problem when incorporating amphiphilic, lipophilic and hydrophilic components but
nanoemulsions could make it simple to incorporate all three of these. Nanoemulsions
have water, oil and interfacial structure that makes it simple to transport numerous
media types as well as active ingredients. Droplet size at the nanoscale results in
a higher surface-to-volume ratio, which increases active ingredient penetration and
permeability into the skin as well as dispersion phase admission on hair [29]. Since
a thin lipid film forms easily with nanoemulsions, formulations specifically made
for topical treatment can be applied with ease, enabling improved performance and
higher bioavailability. There have been several preliminary studies about the poten-
tial of nanoemulsions in cosmetics. For example, the Huand team created cationic
nanoemulsions for hair, and the results showed a considerable improvement in the
appearance of dry hair over time. Nanoemulsions also showed their promise in terms
of sterility, because of their nanoscale droplet size at the nanoscale, nanoemulsions
can easily be processed via micrometre filters, which are a common and effective
method of sterilizing for all businesses [27] (Fig. 3).

4.1 Dermal Application

Recently, nanoemulsions have captured interest as potential solutions for the disper-
sion of active ingredients in specific skin layers and the controlled release of foun-
dation. It is currently well-established that nanoemulsion can improve the effec-
tiveness of drugs when applied topically and transdermally [54]. Nanoemulsions,
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Fig. 3 Applications of nanoemulsions in cosmetics

which are emulsions with narrow distributions and a size range between 20 and
200 nm, has many advantages for the topical and transdermal delivery of cosmeceu-
tical molecules. Controlled droplet size, the capacity to liquefy lipophilic pharma-
ceuticals successfully, enhanced skin permeation, and prolonged discharge of both
lipophilic and hydrophilic drugs are some of these benefits. Additionally, they have
outstanding sensory as well as physical qualities including even dispersion on skin
and skin nourishment in medications for cosmetics and beauty [2]. When nanoemul-
sions are applied topically, small particles and solubilized hydrophobic constituents
provide a method to greatly speed up the rate of therapeutic dissolution and, as aresult,
systemic bioavailability via the transcellular pathway. In order to prevent occlusive
effects drug discharges from nanoemulsions include partitioning them from oil into
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a surfactant deposit and subsequently into the aqueous phase [29]. This approach
is an intoxicating replacement for improving medicine delivery by restoring and
concentrating on the explicit of poorly soluble medicines, increasing skin absorp-
tion, lengthening the period the drug remains in the target area, and ultimately leading
to less side effects. Because of its tiny droplet size and absence of flocculation and
creaming, nanoemulsion is a popular delivery method in the cosmetics industry. This
makes it easier for antigen-presenting cells to absorb ongoing cosmetic formulations
like creams, lotions, and moisturisers.

4.2 Nanoemulsions as a Novel Vehicle in Skin Care

Due to its ability to solubilize nonpolar dynamic chemicals, nanoemulsions are antic-
ipated to be widely used in medical sciences as drug delivery systems. Nanoemul-
sions have an innovative application in transdermal medication delivery, where they
function as an effective delivery method for bioactive substances that also facilitate
administration. The predictable transdermal drug delivery methods for creams, oint-
ments, and lotions, which are widely used to treat local skin infections, are currently
changing quickly in the direction of a higher level of development. It is also taken
into account as a possible system because of its numerous benefits, which include
the absence of organic solvents, thermodynamic stability, improved storage stability,
minimal production costs, and high industrial viability. They incorporate the repeat-
able bioavailability of medications as well as plasma concentration patterns. These
methods are currently being employed to provide deeper skin permeation as well as
dermal and surface properties. Numerous studies have shown that reducing transepi-
dermal water loss supports the skin’s obstructive function [44]. The most signifi-
cant benefit of utilizing nanoscience in the cosmeceuticals industry is the increased
stability of many cosmetic ingredients, such as antioxidants, vitamins or unsatu-
rated fatty acids that are encapsulated within nanoparticles, the increased rate of
permeation of all convinced ingredients, such as vitamins and other antioxidants,
and the improved aesthetics of the preparations, in addition to improved coordina-
tion and approval of UV filters on the stratum corneum [55]. Dispersed nanosized
droplets in the continuous phase of the nanoemulsions can successfully penetrate
the stratum corneum and spread the active component across the epidermal barrier.
O/W nanoemulsions with lipophilic nano-TiO, and octyl methoxycinnamate, which
contain both physical as well as chemical UV filters, were treated by ultrasonic
using conventional ethoxylated alkyl ethers. The effects of structuring the oil phase
of nanoemulsions incorporating chemical UV filters were researched by other scien-
tists. Several UV filters were formulated with nanostructured lipid carriers (NLC)
and nanoemulsions in the oil phase.
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4.3 Nanoemulsions in Hair System Care

Nanoscience has evolved into a very simple tool for creating a solution to this
pathology, enabling targeted drug administration with increased local bioavailability,
which may reduce the negative effects of the pharmaceuticals. Considering the signif-
icance of hair on the value of existence, it is no wonder that people are challenged
to change their hair for a number of innovative purposes. Due to their unique and
inherent properties, nanoparticles are increasingly being utilized in the creation of
superior skin-care medications that particularly target the hair shaft and follicle. The
uptake and permeation of topically applied nanostructured materials are consider-
ably facilitated by the hair follicles. According to some evidence, follicular allocation
varies depending on the body region, with the forehead supporting a significantly
higher density of follicular orifices [49]. They claimed that whereas follicular aper-
tures might give nanoparticle components access to the hair follicle, there may be
considerable variations in the percutaneous absorption of appendage-free and abun-
dant parts. Results can reveal a mechanical influence as opposed to a particle size-
specific effect when they are compared to earlier findings. Hair growth procedures
could be used to push nanoparticles deeper inside hair follicles [37]. Therefore, a
variety of aesthetic techniques can be used to specifically target the arrangement
surrounding the follicle by varying the particle size. The use of nanomaterials to
enhance hair cosmesis (health of hair, smoothness and preserving shine) has been
the subject of extensive prior research. Nanostructured materials have been added to
shampoos to optimize resident contact time with the hair follicle and scalp, enabling
active molecules to coat the cuticles with a protective layer and retain moisture (i.e.,
averting trans follicular water loss). However, while being fabricated into nanostruc-
ture particles, silicone oil may diffuse swiftly into hair fibres despite being manu-
factured into nanoparticles due to its tiny size. It was noticed that when the size of
the nanoemulsion decreases, more nanodroplets were absorbed into the hairs. This is
explained by the fact that the interactions between nanoemulsions droplets increase
as their droplets size decreases, which raises nanoemulsions viscosity and enhances
silicone oil deposition. This improved lubrication, shiny finish, and hair moisture
without harming the hair fiber’s cuticles, permits absorption into the hydro-lipid
emulsion layer [63]. This demonstrates that even when using shampoo frequently,
cationic nanoemulsions with droplet size of less than 1-100 nm considerably improve
dry hair.

5 Conclusion

In conclusion, it can be concluded that the era of nanoparticles has already begun and
that the research around them will continue to advance and be applied to the creation
of new testing procedures for alovely, healthier, and safer future. Over the last decade,
nanotechnology has emerged as the most compelling sector in the cosmetics industry.
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As new technology and delivery methods continue to advance at a steady rate,
researchers are better able to create newer, more adaptable cosmetic goods. Among
numerous methods, nanoemulsions emerged as a delivery method with enormous
potential and tremendous appeal in the cosmetics industry. This chapter discussed
possible nanoemulsion system capabilities in cosmetics and personal care items
used for diverse applications with supporting data. nanoemulsions smaller droplet
size satisfies all basic criteria including delivery qualities, rheological stability and
optical stability, which are necessary for an effective delivery method and which are
not satisfied by conventional microemulsions. Because of their greater penetration
abilities, nanoemulsions are an ideal option for hair care and skin products, whether
they use cosmeceuticals or synthetic cosmetics.

References

1. Abd E, Benson HA, Roberts MS, Grice JE (2018) Follicular penetration of caffeine from
topically applied nanoemulsion formulations containing penetration enhancers: in vitro human
skin studies. Ski Pharmacol Physiol 31:252-260

2. Abolmaali SS, Tamaddon AM, Farvadi FS, Daneshamuz S, Moghimi H (2011) Pharmaceu-
tical nanoemulsions and their potential topical and transdermal applications. Iran J Pharm Sci
7(3):139-150

3. Acosta E (2009) Bioavailability of nanoparticles in nutrient and nutraceutical delivery. Curr
Opin Colloid Interface Sci 14(1):3-15

4. Ahmad N, Ahmad R, Al-Qudaihi A, Alaseel SE, Fita IZ, Khalid MS, Pottoo FH (2019) Prepa-
ration of a novel curcumin nanoemulsion by ultrasonication and its comparative effects in
wound healing and the treatment of inflammation. RSC Adv 9(35):20192-20206

5. Ashaolu TJ (2021) Nanoemulsions for health, food, and cosmetics: a review. Environ Chem
Lett 19(4):3381-3395

6. Azmi NAN, Elgharbawy AA, Motlagh SR, Samsudin N, Salleh HM (2019) Nanoemulsions:
factory for food, pharmaceutical and cosmetics. Processes 7(9):617

7. Bissessur R (2020) Nanomaterials applications. In: Polymer science and nanotechnology.
Elsevier

8. Boonme P (2007) Applications of microemulsions in cosmetics. J Cosmet Dermatol 6(4):223—
228

9. Boonme P, Junyaprasert VB, Suksawad N, Songkro S (2009) Microemulsions and nanoemul-
sions: novel vehicles for whitening cosmeceuticals. J Biomed Nanotechnol 5(4):373-383

10. éerpnjak K, Zvonar A, Gasperlin M, Vrecer F (2013) Lipid-based systems as promising
approach for enhancing the bioavailability of poorly water-soluble drugs. Acta Pharm
63(4):427-445

11. Charoenkul K, Phromyothin D (2017) Development and characterization of nano-cream
preparation containing natural extract using nanoemulsion techniques. Mater Today: Proc
4(5):6105-6110

12. Clares B, Calpena AC, Parra A, Abrego G, Alvarado H, Fangueiro JF, Souto EB (2014)
Nanoemulsions (NEs), liposomes (LPs) and solid lipid nanoparticles (SLNs) for retinyl
palmitate: effect on skin permeation. Int J Pharm 473(1-2):591-598

13. De Canha MN, Blom van Staden A, Fibrich BD, Lambrechts IA, Denga L, Lall N (2019) Book
review: cosmeceuticals and active cosmetics. Front Pharmacol

14. De Souza ML, Oliveira DD, Ribeiro PL, de Paula Pereira N, Druzian JI (2018) Nanoemulsions
for cosmetic applications: what innovation status? Recent Pat Nanotechnol 12(2):101-109



Role of Nanoemulsions in Cosmetics 259

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Dhawan S, Sharma P, Nanda S (2020) Cosmetic nanoformulations and their intended use. In:
Nanocosmetics. Elsevier, pp 141-169

Dirschka T, Ekanayake-Bohlig S, Dominicus R, Aschoff R, Herrera-Ceballos E, Botella-
Estrada R, Hunfeld A, Kremser M, Schmitz B, Lubbert H, Puig S (2019) A randomized,
intraindividual, non-inferiority, Phase III study comparing daylight photodynamic therapy with
BF-200 ALA gel and MAL cream for the treatment of actinic keratosis. J Eur Acad Dermatol
Venereol 33(2):288-297

Fang B, Yu M, Zhang W, Wang F (2016) A new alternative to cosmetics preservation and the
effect of the particle size of the emulsion droplets on preservation efficacy. Int J Cosmet Sci
38(5):496-503

Friberg SE, Corkery RW, Blute IA (2011) Phase inversion temperature (PIT) emulsification
process. J Chem Eng Data 56(12):4282—4290

Gadhave AD (2014) Nanoemulsions: formation, stability and applications. Int J Res Sci Adv
Technol 3(2):38-43

Geis PA (ed) (2020) Cosmetic microbiology: a practical approach. CRC Press

Gibaud S, Attivi D (2012) Microemulsions for oral administration and their therapeutic
applications. Expert Opin Drug Deliv 9(8):937-951

Gongalves A, Nikmaram N, Roohinejad S, Estevinho BN, Rocha F, Greiner R, McClements
DJ (2018) Production, properties, and applications of solid self-emulsifying delivery systems
(S-SEDS) in the food and pharmaceutical industries. Colloids Surf, A 538:108-126

Guler E, Barlas FB, Yavuz M, Demir B, Gumus ZP, Baspinar Y, Coskunol H, Timur S (2014)
Bio-active nanoemulsions enriched with gold nanoparticle, marigold extracts and lipoic acid:
In vitro investigations. Colloids Surf, B 121:299-306

Gupta V, Mohapatra S, Mishra H, Farooq U, Kumar K, Ansari MJ, Aldawsari MF, Alalaiwe
AS, Mirza MA, Igbal Z (2022) Nanotechnology in cosmetics and cosmeceuticals—a review
of latest advancements. Gels 8(3):173

Halnor VV, Pande VV, Borawake DD, Nagare HS (2018) Nanoemulsion: a novel platform for
drug delivery system. J Mat Sci Nanotechol 6(1):104

Hanifah M, Jufri M (2018) Formulation and stability testing of nanoemulsion lotion containing
centella asiatica extract. J Young Pharm 10(4):404

HuZ, Liao M, Chen Y, Cai Y, Meng L, Liu Y, Lv N, Liu Z, Yuan W (2012) A novel preparation
method for silicone oil nanoemulsions and its application for coating hair with silicone. Int J
Nanomed 5719-5724

Jafari SM, Paximada P, Mandala I, Assadpour E, Mehrnia MA (2017) Encapsulation by
nanoemulsions. In: Nanoencapsulation technologies for the food and nutraceutical industries.
Academic Press, pp 36-73

Jaiswal M, Dudhe R, Sharma PK (2015) Nanoemulsion: an advanced mode of drug delivery
system. 3 Biotech 5:123-127

Jeong SH, Son JH, Jang SJ, Kim YJ, Cheon JW (2015) U.S. patent no. 8,980,293. U.S. Patent
and Trademark Office, Washington, DC

Kaci M, Belhaffef A, Meziane S, Dostert G, Menu P, Velot E, Desobry S, Arab-Tehrany E
(2018) Nanoemulsions and topical creams for the safe and effective delivery of lipophilic
antioxidant coenzyme Q10. Colloids Surf, B 167:165-175

Kaur R, Ajitha M (2019) Transdermal delivery of fluvastatin loaded nanoemulsion gel:
Preparation, characterization and in vivo anti-osteoporosis activity. Eur J Pharm Sci 136:1-10
Khan AW, Kotta S, Ansari SH, Sharma RK, Ali J (2012) Potentials and challenges in self-
nanoemulsifying drug delivery systems. Expert Opin Drug Deliv 9(10):1305-1317

Komaiko JS, McClements DJ (2016) Formation of food-grade nanoemulsions using low-energy
preparation methods: a review of available methods. Compr Rev Food Sci Food Saf 15(2):331-
352

Kong M, Chen XG, Kweon DK, Park HJ (2011) Investigations on skin permeation of hyaluronic
acid based nanoemulsion as transdermal carrier. Carbohyd Polym 86(2):837-843

Kumar M, Bishnoi RS, Shukla AK, Jain CP (2019) Techniques for formulation of nanoemulsion
drug delivery system: a review. Prev Nutr Food Sci 24(3):225




260

37.

38.

30.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

A. Kandwal et al.

Lademann J, Patzelt A, Richter H, Antoniou C, Sterry W, Knorr F (2009) Determination of the
cuticula thickness of human and porcine hairs and their potential influence on the penetration
of nanoparticles into the hair follicles. J Biomed Opt 14(2):1-4

Liang R, Xu S, Shoemaker CF, Li Y, Zhong F, Huang Q (2012) Physical and antimicrobial
properties of peppermint oil nanoemulsions. J Agric Food Chem 60(30):7548-7555

Lu WC, Huang DW, Wang CC, Yeh CH, Tsai JC, Huang YT, Li PH (2018) Preparation,
characterization, and antimicrobial activity of nanoemulsions incorporating citral essential oil.
J Food Drug Anal 26(1):82-89

Mayer S, Weiss J, McClements DJ (2013) Vitamin E-enriched nanoemulsions formed by emul-
sion phase inversion: factors influencing droplet size and stability. J Colloid Interface Sci
402:122-130

McClements DJ (2012) Nanoemulsions versus microemulsions: terminology, differences, and
similarities. Soft Matter 8(6):1719-1729

Mihranyan A, Ferraz N, Strgmme M (2012) Current status and future prospects of nanotech-
nology in cosmetics. Prog Mater Sci 57(5):875-910

Mishra PK, Pavelek O, Rasticova M, Mishra H, Ekielski A (2022) Nanocellulose-based biomed-
ical scaffolds in future bioeconomy: a techno-legal assessment of the state-of-the-art. Front
Bioeng Biotechnol 9:1-15

Miiller RH, Benita S, Bohm B (eds) (1998) Emulsions and nanosuspensions for the formulation
of poorly soluble drugs. CRC Press

Nanbu T (2009) U.S. patent application no. 12/051,987

Nanda A, Nanda S, Nguyen TA, Rajendran S, Slimani Y (eds) (2020) Nanocosmetics:
fundamentals, applications and toxicity. Elsevier

Naseema A, Kovooru L, Behera AK, Kumar KP, Srivastava P (2021) A critical review of
synthesis procedures, applications and future potential of nanoemulsions. Adv Coll Interface
Sci 287:102318

Nirmal NP, Mereddy R, Li L, Sultanbawa Y (2018) Formulation, characterisation and antibac-
terial activity of lemon myrtle and anise myrtle essential oil in water nanoemulsion. Food Chem
254:1-7

Otberg N, Richter H, Schaefer H, Blume-Peytavi U, Sterry W, Lademann J (2004) Variations
of hair follicle size and distribution in different body sites. J Investig Dermatol 122(1):14-19

Ozogul Y, Karsli GT, Durmus M, Yazgan H, Oztop HM, McClements DJ, Ozogul F (2022)
Recent developments in industrial applications of nanoemulsions. Adv Colloid Interface Sci
102685

Pandey V, Shukla R, Garg A, Kori ML, Rai G (2020) Nanoemulsion in cosmetic: from
laboratory to market. Elsevier, Nanocosmetics

Qadir A, Faiyazuddin MD, Hussain MT, Alshammari TM, Shakeel F (2016) Critical steps and
energetics involved in a successful development of a stable nanoemulsion. J Mol Liq 214:7-18
Quintdo FJ, Tavares RS, Vieira-Filho SA, Souza GH, Santos OD (2013) Hydroalcoholic extracts
of Vellozia squamata: study of its nanoemulsions for pharmaceutical or cosmetic applications.
Rev Bras 23(1):101-107

Rai VK, Mishra N, Yadav KS, Yadav NP (2018) Nanoemulsion as pharmaceutical carrier
for dermal and transdermal drug delivery: formulation development, stability issues, basic
considerations and applications. J Control Release 270:203-225

Raj S, Jose S, Sumod US, Sabitha M (2012) Nanotechnology in cosmetics: opportunities and
challenges. J Pharm Bioallied Sci 4(3):186-193

Rehman FU, Shah KU, Shah SU, Khan IU, Khan GM, Khan A (2017) From nanoemulsions
to self-nanoemulsions, with recent advances in self-nanoemulsifying drug delivery systems
(SNEDDS). Expert Opin Drug Deliv 14(11):1325-1340

Ribeiro RCDA, Barreto SMDAG, Ostrosky EA, Rocha-Filho PA, Verissimo LM, Ferrari M
(2015) Production and characterization of cosmetic nanoemulsions containing Opuntia ficus-
indica (L.) Mill extract as moisturizing agent. Molecules 20(2):2492-2509

Romes NB, Abdul Wahab R, Abdul Hamid M (2021) The role of bioactive phytoconstituents-
loaded nanoemulsions for skin improvement: a review. Biotechnol Biotechnol Equip
35(1):711-730



Role of Nanoemulsions in Cosmetics 261

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Singh RD, Kapila S, Ganesan NG, Rangarajan V (2022) A review on green nanoemulsions for
cosmetic applications with special emphasis on microbial surfactants as impending emulsifying
agents. J Surfactants Deterg 25(3):303-319

Singh Y, Meher JG, Raval K, Khan FA, Chaurasia M, Jain NK, Chourasia MK (2017)
Nanoemulsion: concepts, development and applications in drug delivery. J Control Release
252:28-49

Sinha P, Srivastava S, Mishra N, Singh DK, Lugman S, Chanda D, Yadav NP (2016) Develop-
ment, optimization, and characterization of a novel tea tree oil nanogel using response surface
methodology. Drug Dev Ind Pharm 42(9):1434—1445

Solans C, Solé I (2012) Nano-emulsions: formation by low-energy methods. Curr Opin Colloid
Interface Sci 17(5):246-254

Sonneville-Aubrun O, Simonnet JT, L’alloret F (2004) Nanoemulsions: a new vehicle for
skincare products. Adv Coll Interface Sci 108:145-149

Souto EB, Cano A, Martins-Gomes C, Coutinho TE, Zielinska A, Silva AM (2022)
Microemulsions and nanoemulsions in skin drug delivery. Bioengineering 9(4):158

Tatiya A, Bhavsar S, Mahajan H, Surana S (2019) Experimental design and characterization of
nanoemulsion based topical herbal gel developed for site-specific activity of glycyrrhiza glabra
extract: in vitro and ex vivo studies. Biosc Biotech Res Comm 12(2):1-12

Thakur P, Sonawane S, Potoroko I, Sonawane SH (2021) Recent advances in ultrasound-
assisted synthesis of nano-emulsions and their industrial applications. Curr Pharm Biotechnol
22(13):1748-1758

Tiwari S, Talreja MS (2020) A concept of nanotechnology in cosmetics: a complete overview.
Adalya J 9(11):14-23

Yoo BH, Kang BY, Yeom MH, Sung DS, Ju HK, Han SH, Kim HK (2003) European Patent
No. EP 1327434 A1. European Patent Office, Munich, Germany

Yukuyama MN, Ghisleni DDM, Pinto TDJA, Bou-Chacra NA (2016) Nanoemulsion: process
selection and application in cosmetics—a review. Int J Cosmet Sci 38(1):13-24

Yukuyama MN, Kato ETM, Lobenberg R, Bou-Chacra NA (2017) Challenges and future
prospects of nanoemulsion as a drug delivery system. Curr Pharm Des 23(3):495-508
ZengL, Liu Y, Pan J, Liu X (2019) Formulation and evaluation of norcanthridin nanoemulsions
against the Plutella xylostella (Lepidotera: Plutellidae). BMC Biotechnol 19(1):1-11



Uses of Nanoemulsions )
in Pharmaceuticals Industries Checicfor

Abdelsamed I. Elshamy, Walaa A. El-Kashak, Rehab F. Taher,

Mai M. Elghonemy, Rania F. Ahmed, Tarik A. Mohamed, Ahmed F. Essa,
Tamer I. M. Ragab, Mohamed F. Abdelhameed, Abd El-Nasser G. El-Gendy,
Mahmoud I. Nassar, Ahmed M. Abd-ELGawad, Abdel Razik H. Farrag,
Howaida 1. Abd-Alla, and Mohamed-Elamir F. Hegazy

Abstract Nanoemulsions have attracted great attention in research, dosage form
design and pharmacotherapy. This is as a result of a number of attributes pecu-
liar to nanoemulsions such as optical clarity, ease of preparation, thermodynamic
stability and increased surface area. Nanoemulsions also known as submicron emul-
sions serve as vehicles for the delivery of active pharmaceutical ingredients as well
as other bioactives. They are designed to address some of the problems associated
with conventional drug delivery systems such as low bioavailability and noncompli-
ance. The importance of design and development of emulsion nanocarrier systems
aimed at controlling and/or improving required bioavailability levels of therapeutic
agents cannot be overemphasized. Reducing droplet sizes to the nanoscale leads to
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some very interesting physical properties, such as optical transparency and unusual
elastic behaviour. This review sheds light on the current state of nanoemulsions in the
delivery of drugs and other bioactives. The morphology, formulation, characteris-
tics and characterization of nanoemulsions were also addressed. Plant-derived natural
products have been the primary source of medicinal drugs since humanity’s inception
on the planet. Recently, nanotechnology has become the most important strategy for
the development of pharmaceutical drugs around the world. Nowadays, nanoemul-
sions have significant roles in pharmaceutical applications along with foods and
cosmetics. The emulsification techniques are used for the production of nanoscale
dispersions of droplets of two immiscible liquids. Due to their stability, NEs can
persist for a long time because of the stabilising surfactants that inhibit the droplets’
coalescence. The biological potentialities of nanoemulsions might be ascribed to their
small particles, high surface area/volume unit, and improved active hydrophobic
component dispersion and absorption. Many applications of nanoemulsions are
reported in nanomedicines and drug delivery, such as anti-inflammatory, antipyretic,
antimicrobial, antiulcer, anti-hepatic and renal diseases, etc. The present chapter
aims to summarize the recent contributions of the nanoemulsions in biological and
pharmaceutical applications and industrial processes.

Keywords Natural products - Nanoemulsions - Pharmaceutical applications

List of Abbreviations

ABTS 2,2'-Azino-bis(3-ethylbenzothiazoline-6-sulphonic acid)
AChE Acetylcholinesterase

BAX BCL2 associated X

CCA Cellular antioxidant activity

COX Cyclooxygenase

DOC Docetaxel

DPPH Diphenyl picrylhydrazyl

Eos Essential oils

FASN Fatty acid synthase

FEGO-NE  Ferula gummosa Essential oil nano-emulsion
FEO Frankincense EO

GC-MS Gas chromatography—mass spectrometry
HAV Hepatitis A virus

HMGCR 3-Hydroxy-3-methylglutaryl-CoA reductase
HSV Herpes simplex virus

HSV-1 Herpes simplex type-1 virus

HTh-7 Thyroid cancer cell line

IFO Ifosfamide

MBC/MFC  Minimum bactericidal/fungicidal concentration
MCE-7 Michigan Cancer Foundation-7
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MIC Minimum inhibitory concentration

MMC Mitomycin C

MTT Methylthiazolyl-diphenyl tetrazolium bromide
NEs Nanoemulsions

NFs Nanofibers

PIT Phase inversion temperature

PVA Polyvinyl alcohol

QC Quercetin

QCNE Quercetin nanoemulsion

SAS Squamous carcinoma cells

SME Self-microemulsifying

SREPB1 Sterol regulatory element-binding protein
TA Thioacetamide

TSB Tryptic soy broth

1 Introduction

From the first step on the earth, nature’s products represented the backbone of the
life needs of all humanity, including the feedings and remedies [3, 44]. More than
21,000 medicinal plants have been used to treat diseases all over the world [44].
Essential oils (EOs) are valuable bioactive resources for the treatment of a variety
of ailments [1, 3, 17, 21, 51, 109]. The use of nanotechnology has become one of
the main developed strategies in pharmaceutical and medicinal applications [45, 50,
52]. The most common application of nanotechnology in pharmaceutical applications
is the preparation of nanocarriers as drug delivery systems [128]. Many nanocarrier
types are used, like NEs, lipoproteins, liposomes, microcapsules, solid lipid particles,
noisome, dendrimers, and micelles [94]. NEs represent the most advanced drug
delivery technique and are a promising nanocarrier for several medicinal applications.
These nanocarriers exhibited thermo-dynamical stability with the mean range of
diameters of 50 and 1000 nm? and others [94]. Also, they displayed the advantages
of better delivery of poorly soluble drugs [61].

Loading natural products such as extracts, EOs, and bioactive constituents into
nanosystems has become a significant strategy for the development of pharma-
ceuticals [25]. The loading of the EOs in nanosystems is a significant technique
for enhancement of the medicinal effects via (i) toxicity decreasing, (ii) volatility
reducing, (iii) stability increasing of the active constituents, and (iv) penetration
increasing in the cellular uptake and tissues [25, 45] in addition to others as described
in Fig. 1.
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Fig. 1 Some advantages of NEs

2 Nanoemulsified Essential Oils Can Overcome
the Limitations of Pure Oils

The potential use of EOs as a natural component in food preservation, with great
potential usage in food industries, has been studied [24, 46]. The low aqueous phase
solubility, high volatility, and limited long-term stability, on the other hand, are
features that restrict its usage as a natural preservative to replacing currently employed
preservatives. The creation of EO nanoemulsions has emerged as a possible option
thanks to the development of nanotechnology. Due to their nanometric dimension,
NEs have special properties like enhanced contact surface area and increased physico-
chemical stability. The capacity of the EO nanoemulsified to improve the interaction
with particular targets in products and exert antibacterial and antioxidant activity
makes it a more environmentally friendly alternative to pure oil. In order to manu-
facture nanoscale emulsions and reach droplet sizes under 100 nm, both high-energy
and low-energy processes can be applied. Bioactivity is strongly correlated with
particle size. NEs can therefore be a technical substitute to get around the drawbacks
of pure oils and be used in products as a natural preservative.

3 Methods of Nanoemulsion Preparation

Low-energy, high-energy, and combination techniques are used to create NEs.
Researchers initially attempted to prepare NEs by using high-energy techniques
in their experiments. Because low-energy technologies are “soft,” “non-destructive,”
and don’t harm enclosed molecules, interest in them has recently increased signif-
icantly. These techniques also use less energy, making them more desirable for
large-scale production [68].
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3.1 High-Energy Emulsification Methods

High-shear stirring, ultrasonic emulsification, high-pressure homogenization, partic-
ularly microfluidics, and membrane emulsification are some of the high-energy tech-
niques [5]. The interior phase droplet size frequently exceeds the nanometer range
when NEs are made using high-energy procedures. This is mostly caused by the
substantial energy required for dispersion, particularly in viscous systems. Inade-
quate surfactant concentrations may also contribute to an increase in droplet size by
failing to completely adsorb all of the droplets produced during dispersion on the
interface. The adsorption velocity of the surfactant has a significant impact on the
final size of the droplets [68].

3.1.1 High-Shear Stirring

Initially, NEs were created using rotor—stator systems and high-energy mixers. The
internal phase droplet size can be greatly reduced in these devices by increasing the
mixing intensity. However, it is challenging to generate emulsions with an average
droplet size of less than 200-300 nm [67]. The components of the emulsion are drawn
into the rotor—stator unit by the high rarefaction that is formed in the disintegrating
head at high rotor speed. Modern equipment is built with relatively little aeration
occurring during emulsification. The multi-pass regime is typically used because the
single-pass regime frequently fails to achieve the system’s maximal degree of disper-
sion. When using viscous media, the effectiveness of high shear stirring significantly
declines, resulting in the formation of emulsions with a high fraction of the internal
phase and droplet sizes larger than 1 mm [23, 68].

3.1.2 Ultrasonic Emulsification

When an emulsion is sonicated, cavitation bubbles collapse and a significant amount
of energy is released locally, forming emulsion droplets that are only a few nanome-
ters in size [59]. Smaller internal phase droplets are produced when ultrasonic power
isincreased up to a particular point [137]. The size of the droplet does not significantly
alter as the ultrasonic power is increased further. High-energy sonication should not
be used because it can cause water to thermally decompose into radicals H and "OH,
whose action may cause surfactant molecules gathered on the surface of cavitation
bubbles to decompose [112]. Only in the near area of the waveguide radiator does
effective emulsification take place. Mechanically churning the mixture is necessary
for the emulsification of huge quantities. Because of this, using this procedure to
manufacture NEs for research reasons or in small batches is most appropriate.
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3.1.3 High-Pressure Homogenization

The emulsification of medium- and low-viscosity systems is the most frequent appli-
cation of high-pressure homogenization. The systems of high pressure are always
in use. The homogenizers are separated into nozzle devices, radial diffusers, and jet
dispersers depending on the type of flow directions present in the dispersion cell.
The emulsion flow departs from the initial direction by 90° in a standard radial
diffuser. With the help of a moveable valve, it is possible to adjust the slit width
and, consequently, the flow rate and pressure of the emulsified liquids. The most
popular homogenizers for the industrial production of emulsions have flat valves.
For laboratory research, homogenizers of various designs are made, in particular,
those with tooth-valves of various configurations, inclined seats that divert the flow
at varying angles, and cutting-edge valves for still another flow deviation [66]. The
capillary-jet homogenizers’ basic working theory relies on the collision of two or
more highly moving flows. The best-known examples of this kind of equipment are
the “Nanojet” gadget and a variety of jet dispersers from Microfluidics Corp [132].

3.1.4 Microfluidic and Membrane Methods

The controlled formation of liquid droplets and gas bubbles, as well as their trans-
portation in microchannels, are made possible by microfluidic methods. The poten-
tial to establish a lab-on-a-chip is linked to the recent widespread development of
microfluidics techniques [120, 122]. By delivering microscopic amounts of a liquid in
the form of drops and bubbles through a network of microchannels to a specific loca-
tion, these devices enable the miniaturization of chemical and biological processes.
This allows for the immediate investigation of the drop composition, for example.
The development of such devices for protein isolation, DNA analysis, enzyme anal-
ysis, cell encapsulation, and the production of biosensors is currently being studied
[66]. Emulsification in microfluidizers happens when two liquids are not capable
of combining to form a homogeneous mixture travelling in microchannels collide
with a high pressure condition [123]. The stability of the emulsification regime was
determined by the wetting of the channel walls exerted by the emulsion components.
Typically, devices with hydrophilic and hydrophobic surfaces are used to create oil
in water (O/W) and water in oil (W/O) emulsions, respectively [111]. In comparison
to other high energy devices, the manufacturing of microfluidizers is pricey. Because
channels might be obstructed by solid particles and gas bubbles, they are less useful
in actual applications [55]. Additionally, issues with microfluidic sterilization occur
when they are utilized to create emulsions for pharmacological and medical applica-
tions. Membrane methods of emulsification, like microfluidic methods and in contrast
to the emulsification in the turbulent regime with low fluid flow rate, pertain to
ways of forming individual droplets [134]. In the membrane methods, fluid is forced
through numerous microchannels or pores in a membrane to create droplets of the
internal phase [130]. During one-step emulsification and when the internal phase is
extruded through the membrane, droplets are created at the membrane/continuous
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phase interface. Membrane emulsification which entails forcing a coarse emulsion
across a membrane, with smaller pore size than the coarse emulsion’s droplet size,
is used to create emulsions with smaller internal phase droplets. The droplet size is
reduced by passing the coarse pre-mixed emulsion across a hydrophilic membrane
directly. When the coarse direct emulsion is forced (through a hydrophobic barrier),
the inversion phase results in the creation of emulsion in a reversal phase [125].
If the membrane is fixed in a device, stirring or recirculation of the emulsion is
created. This is usually carried out to hasten the detachment of droplets from the
surface. To hasten the detachment of droplets, devices characterized by vibrating or
rotating membranes are used, nevertheless, this greatly complicates the designs of the
apparatuses. This approach is currently the subject of active development. However,
high-output valve homogenizers are most frequently used to prepare O/W NEs for
large-scale applications.

3.2 Low-Energy Emulsification Methods

Techniques of low-energy NE preparation came into being much later than high-
energy ones. These techniques rely on the phase inversion that occurs in an emulsion
when the composition or temperature changes. The low-energy techniques are based
on the ideas put out by Japanese researchers in the 1960s [118]. With temperature,
the surfactant adsorbed layer’s curvature varies. The system reaches a condition of
interfacial tension with low value (1072 & 10> mN m~!) and the curvature surfactant
monolayer of zero value at a specific temperature [66].

3.2.1 Method of Phase Inversion Temperature (PIT)

PIT approach is based on a unique characteristic of surfactants, particularly those that
are typical of nonionic ethoxylated surfactants, namely the capacity to alter the oil
and water affinity with temperature. Hydration of polar groups affects the molecules
of ethoxylated surfactants. At low temperatures, they were hydrophilic. The polar
groups in the hydrated state occupy a higher surface area than the hydrophobic
hydrocarbon chains do. O/W emulsions are created and the surfactant monolayer
flexes as a known result. Oxyethylene groups are easily dehydrated as the temperature
rises, which makes the molecules more lipophilic. In this scenario, Occupation of the
surface area by chains of hydrocarbon increases relative to the surface area occupied
by the polar groups, favouring the development of W/O emulsions [117]. The PIT
approach has currently received the most attention. The manufacture of NEs stabilised
by ethoxylated surfactants uses it successfully. When utilizing ionic and nonionic
surfactants, however, this method is not relevant since their hydrophilic lipophilic
balance is far less sensitive to temperature variations [119]. Commercially available
ethoxylated surfactants are a blend of different oligomers, which might pose issues
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when the PIT method is used in industry. As a result, the concentration ranges and
emulsification temperature regime must be adjusted [108].

3.2.2 Method of Emulsion Inversion Point (EIP)

The phase inversion composition or EIP entails the addition of chemicals that alter
the system’s hydrophilic-lipophilic balance while maintaining a steady temperature.
This cause catastrophic phase inversion in the emulsion as well as changes occurs
by itself, without outside assistance, in the radius of curvature of the surfactant
monolayers. For instance, gradual addition of aqueous phase to organic phase results
in water droplets production in oil. The formation of organic phase droplets in water
and phase inversion is caused by a rise in the aqueous phase concentration above a
specific threshold value [99]. In systems including different mixes of surfactants, this
method was utilized to generate O/W emulsions and measure the minimum amount
of the aqueous phase needed for the phase inversion [138].

3.2.3 Spontaneous Nanoemulsification

In 1878, spontaneous emulsification was first documented. A pair of liquid phases
that are not equilibrated together should be considered. Sometimes, bringing them
together results in a spontaneous emulsification that happens later [ 72]. As substances
diffuse through the interface, the surface tension gradient causes interphase insta-
bility, which leads to dispersion and the formation of individual droplets. A brief
decrease, to nearly zero, in interfacial tension is results in the dispersion. This is
usually combined by self-efficacy to increase the surface area of the interface [139].
The first two mechanisms have to do with dispersion, or the physical rupturing of
the current contact. The third process results from the creation of a heterogeneous
system from a homogeneous one; toluene emulsification is a well-known example
[66]. When it comes to encapsulating unstable substances like peptides, proteins, and
nucleic acids-which are frequently used for pharmaceutical and medical purposes-
high-energy methods, should not be used because emulsification may result in the
destruction, denaturation, or loss of activity of the pharmaceuticals.

3.3 Methods for Preparation of Reverse Nanoemulsions

Methods of combining low- and high-energy are used for the preparation of reverse
emulsions in the nano-sized form [85]. Reverse emulsions are extremely viscous
systems and are therefore significantly more challenging to create, especially when
they include significant amounts of the internal phase. When applying high energy
methods, an increase in the internal phase fraction causes a rapid increase in the
droplet size because the emulsion’s viscosity increases. Reverse NEs can be produced
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using low-energy techniques with smaller droplet sizes, but there isn’t much internal
phase present. For instance, stirring and sonication were used to create reverse
NEs that contained 20 mass percent of the aqueous phase [85]. Span 80 or poly
(ethylene-co-butylene)-p-poly(ethylene oxide), KLE3729 stabilized the emulsions.
The average droplet size (80-200 nm) depending on the make-up of the phases and
the emulsifier concentration. By using high-pressure homogenization, reverse NEs
made of physiological saline dispersed in fluorocarbons were created [38]. Droplet
sizes in the NEs ranged from 30 to 100 nm, and less than 5 mass% of them were
in the aqueous phase. While the second stage of the process reduced the size of
large droplets to 200-230 nm, this method does not allow for the production of
exclusively small droplets (during low energy emulsification). Since there were far
more nanodroplets than big droplets, the specific surface area of the interface in such
emulsions increased greatly.

4 Pharmaceutical and Medicinal Activities
and Applications of Nanoemulsions

Table 1 summarizes several plant extracts, EOs, and natural compounds that have
been shown to have significant pharmaceutical and biomedical activities such as
antioxidant, antimicrobial, antiviral, anti-inflammatory, anticancer, hepatoprotective,
antipyretic, and acetylcholinesterase (AChE) activity (Fig. 2).

4.1 Antioxidant Activity

The EO derived from one of Citrus species (C. medica L. var. sarcodactylis) and its
nanoemulsified scavenging potentiality against the hydroxyl radicals were reported
to be increased with concentrations increasing. At the two concentrations 0.06 and
0.48 mg/ml, the EO radicals scavenging activity (9.6 and 26.1%) was strongly lower
than its nanoemulsified (35.7 and 58.7%), respectively. By the same, EO and its
nanoemulsified were reported to have diphenyl picrylhydrazyl (DPPH) scavenging
abilities increased with the concentration increasing. At the two concentrations 0.12
and 0.48 mg/mL of the EO and its nanoemulsified, scavenging activity of the EO
nanoemulsified (51.6 and 72.4%) was described to be higher than that of EO itself
(30.5 and 44.3%), respectively [73].

The nanoemulsion of the etanolic extract of Brazalian propolis was documented to
have poor antioxidant activity through tests of 2,2’-azino-bis(3-ethylbenzothiazoline-
6-sulphonic acid) (ABTS) and 2,2-diphenyl-1-picrylhydrazyl (DPPH) assays. The
free radical scavenging against ABTS and DPPH were ECs5( 0.004 and 0.023, respec-
tively [114]. The results of Sedaghat Doost and his team work described that the
nanoemulsion of the thymol have strong antioxidant potentiality via DPPH, FRAP,
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Table 1 List of plants reported as sources of oil nanoemulsions and their biological activities

Plant name Family Biological activity

Anethum graveolens (dill) Apiaceae Anticancer

Apium graveolens (celery) Apiaceae Anticancer

Araucaria bidiwillii Araucariaceae Anti-inflammatory, antipyretic
Araucaria heterophylla Araucariaceae Anti-inflammatory
Bergamot orange (Bergamot) Rutaceae Anticancer, antimicrobial
Carum carvi Apiaceae Anticancer

Casearia sylvestris Salicaceae Anticancer

Chamomile Asteraceae Hepatoprotective
Cinnamomum zeylanicum (Cinnamon) | Lauraceae Anti-inflammatory, antimicrobial
Citrus limon (Lemon) Rutaceae Anticancer, anti-inflammatory
Citrus medica L. var. sarcodactylis Rutaceae Antioxidant, antimicrobial
Cocos nucifera (coconut) Arecaceae Anti-inflammatory
Cuminum cyminum (cumin) Apiaceae Anticancer, hepatoprotective
Curcuma longa (Turmeric) Zingiberaceae Anti-inflammatory
Cymbopogon flexuosus (Lemongrass) Poaceae Antimicrobial

Cymbopogon martinii (palmarosa) Poaceae Antimicrobial

Deverra tortuosa Apiaceae Anti-inflammatory

Deverra triradiate Apiaceae Anti-inflammatory

Ferula gummosa Apiaceae Anticancer

Foeniculum vulgare (Fennel) Apiaceae Hepatoprotective
Heracleum persicum Apiaceae Anticancer

Jasminum grandiflorum Oleaceae Antiviral

Jasminum humile Oleaceae Antiviral

Mentha x piperita (Mentha) Lamiaceae Anticancer

Nigella sativa Ranunculaceae | Anticancer

Origanum vulgare Lamiaceae Anticancer, antimicrobial
Pinus koraiensis Pinaceae Anticancer

Pinus morrisonicola Pinaceae Anticancer

Rosmarinus officinalis Lamiaceae Anti-inflammatory

Salvia rosmarinus (rosemary) Lamiaceae Hepatoprotective

Syzygium aromaticum (clove) Myrtaceae Antimicrobial

Syzygium aroticum Myrtaceae Anticancer

Thymus vulgaris (thyme) Lamiaceae Antimicrobial

Zataria multifora Lamiaceae Anticancer

Zingiber officinale (Ginger) Zingiberaceae Anti-inflammatory

Zingiber ottensii Zingiberaceae Anticancer
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Fig. 2 Brief systematic diagram of the pharmaceutical application of NEs

and CUPRAC assays than the thymol. The Spirulina sp. LEB18 develop lipid-
based nanoemulsions were described to show significant antioxidant activity using
ABTS and DPPH assays with inhibition % of (12.14-21.31%) and (11.01-23.83%)
respectively [37].

4.2 Antimicrobial Activity

EOs have been considered as a valid alternative therapy against microbial infec-
tions, as natural antimicrobial additives and in preservation applications with high
effectiveness for food safety [20, 46].

Nanoemulsions NEs display unique properties that can solve the issue of low
solubility of EOs in water as atechnological limitation in industry. Nanoemulsions are
one of drug delivery nanometric systems that are used for bioactive natural products.
These systems are characterized by their potency of ameliorating biological activity
of hydrophobic components (such as EOs) and by their stability [46, 57]. With the
help of NE technique, the hydrophobic components are distributed in the aqueous
phase uniformly and the treat the low dissolvability of water and interactive binding
problems. NEs form increases the interactions between the surface areas of active
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ingredients of oil with biological membranes; these are suitable for utilization in
food products [20].

The high antimicrobial properties of EO based NEs were exerted due to non-
phospholipid-based agents having antimicrobial effect, non-toxic, stable and inex-
pensive [98]. These agents may have clinical applications. For encapsulation of EOs,
the structure and the composition of NEs can be controlled to produce an effective
delivery of lipophilic components.

The antimicrobial effect of essential oil NEs has been examined and showed
superior activity in comparison with conventional emulsion [46]. The possibility of
using NEs form of many EOs to extend the shelf life of food products and to inhibit
the growth of different foodborne microorganisms has been reported [46, 57]. Other
uses of NEs formulation are for packaging and edible coating films’ development.
Their use could to increase the functionality of the bioactive compounds and enhance
the quality attribute the nutritional value of foods [20].

The droplet size of many oil NEs (such as thyme, cinnamon, Oregano and clove)
formulation with nonionic surfactants were <100 nm [120, 140]. Spans and Tweens
were the most common nonionic surfactants.

Evaluation of antimicrobial activity of Origanum vulgare (Oregano) essential
oil nanoemulsion for inactivating some foodborne pathogens was the aim of work
published by Enayatifard, and his team [46]. The inhibition zones (IZ) and the
minimum bactericidal/fungicidal concentration (MBC/MFC) were measured. The
minimum inhibitory concentration (MIC) against the tested fungi and the tested
bacteria was 0.156-0.078 and 0.312-0.156 mg/mL, respectively. A significant
antimicrobial activity against Aspergillus niger, Candida albicans and Staphylo-
coccus aureus has been displayed by the nanoemulsion form (IZ 22.3-8.7 mm and
MBC/MEFC 5.00-0.31 mg/mL) [46]. An appropriate emulsifier in the nanoemulsion
form of Organo EO (1%) has been exhibited significant activity against foodborne
pathogens.

A lower concentration of antimicrobial component (such as essential oil) in the
aqueous phase could be achieved by suitable delivery system [46].

Another interesting study on the antimicrobial activity of EO loaded into NE using
the microfluidization method that enhanced the activity of EO loaded into NE
(compared with sonication and coarse emulsion techniques). The impact of the
production method on the antimicrobial activity of palmarosa, thyme, or clove-
loaded nanoemulsions and lemongrass EO NE, were reported. Microfluidization
method enhanced the activity of EO of clove or lemongrass loaded into NE respect
to the coarse emulsion, sonication compromised its bioactivity. A complete loss of
lemongrass EO antimicrobial action was exerted with the amplitude and time of the
ultrasound fabrication process [110].

High bactericidal activity of lemongrass oil-loaded nanoemulsion against E.
coli after 30 min of contact time was reported (4.1 log-reductions) compared with
palmarosa- (3.9), thyme- (2.8), or clove- (3.6) loaded nanoemulsions.

Chang et al. reported how large molar volume substances, such as medium-chain
triglycerides or vegetable oil (corn oil), defined as “ripening inhibitors”, reduce the
antimicrobial activity of the thyme EO loaded into NE [28].
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Nanoemulsions NEs form could be used as delivery systems and vehicle for EOs
such as nanoemulsions containing marjoram, geranium or tea tree EOs [110]. NEs
were considered able to increase the bioavailability and have been proved to be an
optimal vehicle to deliver active substances. The need to elucidate the mechanisms for
the disruption of biological membranes by lipid nanoparticles has been increased to
lower the toxicity issues [97, 110].

A NE of Thymus vulgaris (thyme oil, TH-EO), Cymbopogon flexuosus (lemon-
grass oil, LG-EO) or Salvia officinalis (sage oil, SG-EO) were prepared containing
tween 80 (3% v/v), glycerol and alginate dispersions for enhancing encapsulation of
EO to obtaining a film [6]. This functional edible film (with high content of thymol)
exhibited strong inhibitory effect against inoculated E. coli [70]. By hydrophobic
interactions, the molecules of thymol were suggested to attach to the microorgan-
isms’ membrane proteins and thereby altering the membrane permeability. This
may have a role to protect and help in preservation of food products [6]. TH-EO
nanoemulsions showed the highest value of whiteness index and SG-EO nanoemul-
sions showed the lowest value. Strong antimicrobial effect (4.71 Log reductions after
12 h) against Escherichia coli was reported for the edible films containing Thymus
vulgaris essential oil TH-EO [6].

Citral and carvone (Fig. 3) nanoemulsions NEs were reported to enhance antibac-
terial efficacy through the perturbation of bacterial membrane and reduce oil loss
[54]. Another study mentioned the use of ultrasonic emulsification for nanoemulsion
droplets obtained in a citral-in-water system [74].

During the forming of an oil/water emulsion, the hydrophilic surfactants have a
lesser affinity than the lipophilic surfactant to the dispersed droplets in the emulsion
[74]. The mixed surfactants lipophilic-hydrophilic balance values are a critical factor
in emulsion droplet formation [74]. These considerations can be based on the required
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Fig. 3 Compounds with active antimicrobial NEs
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function of delivery systems of EOs as antimicrobials in the different industrial fields
[74].

BEO is reported to have noteworthy biological activity besides being an expensive
and valuable well-known fragrance for cosmetic industry. It is of interest especially
as antifungal and antibacterial activity [79]. The prepared NEs of bergamot EO
(BEO) and its refined fractions documented enhanced antimicrobial activity with high
degree of activity was observed towards Saccharomyces cerevisiae, Lactobacillus
delbrueckii and Escherichia coli [79]. The NEs of carvone and citral also showed
killing of bacteria on wound dressing cotton gauze bandages [54].

The initial composition for BEO recorded higher antimicrobial activity than its
light fraction [79]. The terpenes of y-terpinene, 3-pinene, and D-limonene were the
main constituents of initial BEO and the monoterpenes; linalyl acetate and linalool
were the main volatile compounds in the heavy fraction.

However, the role of emulsifiers could not exclude. It might affect the mechanism
of action of BEO, by promoting interaction and mass transfer with the microbial
cells and exerting an intrinsic antimicrobial activity [145]

The antimicrobial activity of nanoemulsions of mandarin, lemongrass, oregano
and thyme EOs and their components on the survival of Escherichia coli O157,
Campylobacter jejuni, Listeria monocytogenes, Staphylococcus aureus and Bacillus
cereus in vitro and in food systems was provided by Guerra-Rosas et al. [53].

The long-term stability and storage period (56 days) of NEs containing EOs were
assessed with by tween 80 (non-ionic surfactant) and high methoxyl pectin. Pectin
has been added to these EOs as gelling or as a thickening agent to improve their
stability [53, 83].

The lemongrass-pectin NEs had higher antimicrobial activity (5.9 log reductions)
against E. coli and had the smallest droplet size (11 £ 1 nm).

The potential and effectiveness of nanoemulsions NEs to be used as antimicrobial
delivery systems in foods and beverages were reported [53]. NEs loaded into pectin-
based coatings with NEs form of garlic, cinnamon or sunflower EOs and curcumin
reduced the growth of bacteria, yeast, and mold and reduced the total plate count [4,
83]. Method of NEs preparation was the emulsion inversion point and the applied
food system was as chicken fillets [83]. The activity as antimicrobial has decreased
significantly during storage regardless the EO type. An active packaging material was
prepared [14] using antimicrobial biopolymer film containing EO-loaded NEs. The
formulation of this film was consists of a mixture of tween 80 (non-ionic surfactant)
and TH-EO as well as organic acids (acetic acid as organic acid or propionic acid.
The film showed antimicrobial efficiency much higher than that of the control films
when applied to ground meat. The study recorded the antimicrobial efficiency of
thyme oil TH-EO film against different microorganisms, mold, coliforms, and yeast.
The application of this film for high moisture products (as meat and fish) to deserve
the antimicrobial quality was suggested [62].

However, it is important that the food product contains sufficient free water to
induce spontaneous microemulsion formation when the films come into contact with
them [14].
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The desirable physicochemical characteristics of the product did not change with
the application of NEs into chicken meat. The emulsion inversion point method has
been used to form NEs containing a mixture of cinnamon and clove oil and also used
to create NEs with antimicrobial properties from a mixture of coconut and cinnamon
oils, which were found to act as a good food preservative due to their antimicrobial
activity [140]. The activity of NEs was higher against four tested microorganisms of
Bacillus subtilis, S. aureus, E. coli, and Salmonella typhimurium, even at far lower
concentrations. Another method (low-energy method) was used for formulation of
citral/chitosan oil NEs with potent antimicrobial activity against Rhizopus stolonifer,
Aspergillus niger, and Erwinia carotovora [80].

Another work aims at investigating the effect of the nanoemulsion delivery
systems on the antimicrobial activity of different EO components (carvacrol,
limonene and cinnamaldehyde) (Fig. 3). Different formulations were used for the
fabrication of the four different nanoemulsion systems tested for the delivery of the
antimicrobial compounds [43].

Representative examples of studies on plant-based antimicrobial NEs are carried
out by Donsi et al. [43] and Salvia-Trujillo et al. [110]. The strong antimicro-
bial activity of nano-emulsified EOs (as plant-based antimicrobials) and other
phytochemicals, such as eugenol, curcumin, carvacrol, thymol, cinnamaldehyde,
and limonene have been demonstrated in various food systems against a broad
spectrum of spoilage pathogens [43, 110]. A main composition of clove essen-
tial oil, eugenol has been documented as antimicrobial against several pathogenic
bacteria including methicillin-resistant Staphylococcus aureusand S. epidermidis
[129]. Eugenol inhibited Candida cells’ adhesion capacity as antifungal agent.

A simple high shear mixer has been used to form cinnamon bark, thymol and
eugenol oil NEs stabilized by a mixture of food-grade surfactants (lecithin and
lauric arginate), which exhibited good antibacterial effects against Escherichia coli
O157:H7, Listeria monocytogenes, or Salmonella enterica [75]. However, MICs of
thyme or eugenol oil in microemulsions were much higher than that of free antimi-
crobials. The methods of high-pressure homogenization and sonication were used to
prepare cinnamon oil nanoemulsion-loaded pullulan coatings in the food system of
fresh strawberries. The formulation exhibited strong antimicrobial behavior against
bacteria and molds during room storage. Enhanced shelf-life was another advan-
tage of NEs and a decreased loss of firmness, fruit mass, and total soluble solids of
strawberries were achieved [35].

Intra-nasal formulation of chitosan coated NEs of nanoemulsioned EOs were
effective against multi-drug resistant bacterial strains. Methicillin-susceptible
S. aureus and carbapenem-resistant Klebsiella pneumoniae and Acinetobacter
baumannii were example of Gram-negative multi-drug resistant strains [104].

The antibacterial activity of the EO derived from one of Citrus species (C. medica
L. var. sarcodactylis; fingered citron) and its nanoemulsified was documented against
S. aureus EO derived from. The reported data exhibited that the nanoemulsified
completely inhibit the growth of S. aureus within 48 h, while the pure EO exhibited
lower inhibition effects. After 48 h, the EO nanoemulsified exhibited higher growth
inhibition with 8 Log cfu/g than of those of the pure EO 8.4 Log cfu/g [73].
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The nanoemulsion form of the Brazilian Propolis ethanolic extract was reported
to inhibit S. aureus, S. saprophyticus, L. monocytogenes, and E. faecalis higher than
the extract itself with the same MIC at 6.2 mg/mL [114].

4.3 Antiviral Activity

Viruses are a small obligate intracellular parasite. They are non-living outside a host
cell and spread outside cells via extracellular virions. The interactions with host cell
mostly include receptor-ligand interaction [144]. NEs of some natural products have
shown as an immense promise for restricting pathogenic virus’s entrance into cell and
interfacing with their pathogenicity [129]. They may mask viral structures (neces-
sary for entry into host cell or adsorption) or directly inhibit the infection of viruses
[18, 19]. Nano-loaded natural products are one of traditional medicines’ applica-
tions and have also been listed as a major treatment strategy to combat the global
pandemic and aid the recovery of patients with COVID-19 [107, 113]. Secondary
metabolites and other substances are produced by many plants to protect themselves
from invading pathogens, such as viruses. Some NEs of EOs target these type of
pathogens and some act as optimal vehicle to deliver active antivirals and vaccines
[133, 135, 140, 142]. Curcumin’s potential is one example of the secondary metabo-
lites that has investigated to reverse to reverse pathways in COVID-19 infection
and brosis-associated pulmonary edema [107]. Nanotechnological carriers such as
nanoemulsions have been have developed by researchers to load curcumin, enhance
its solubility, modify it to be more easily transported through biofilms, and protect
it from metabolic and chemical degradation. In the current COVID-19 pandemic,
the form of polymer nanoparticles (NanocurcTM), available on the market, is one
of curcumin-based nanotechnology products, which show initial benign therapeutic
effect [42, 77, 121]. Many phenolic aromatic compounds obtained from clove oil
such as limonene, B-pinene, thymol, and eugenol (Fig. 4) are demonstrated antiviral
activity. Eugenol with acyclovir is synergistically inhibiting viruses by limiting viral
infection and preventing viral replication [129]. Also, eugenol and its homologues
(such as B-caryophyllene and eugenyl acetate) were believed to be the main bioac-
tivity compositions of clove EO against Burkholderia gladioli [127]. Eugenol caused
a complete remission of HSV lesions when topically applied to the infected area with
the virus [76, 127]. Clove oil NEs have shown good inhibitory potential against Potato
virus-Y [115]. The use of EOs nanoemulsion needed extensive research before their
dominant uses in horticulture and agriculture for effective management of different
plant virus diseases [115].

A suggested promising solution for corona therapy was provided using NEs
formulations consists of antiviral EO, antiviral substances/drugs and antiviral surfac-
tant/cosurfactant. NEs can be formulated as creams, foams, sprays and liquids admin-
istered by intravenous, transdermal, oral, enteric, nasal, and topical routes for treating
or preventing the COVID-19 infection [136].
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Fig. 4 Compounds with active antiviral NEs

For severe acute respiratory syndrome-corona virus (SARS-CoV), lignoids and
terpenoids have been proven as effective antiviral agents [81]. EO’s role in vaccine
and antiviral drug delivery formulation has been demonstrated with a special focus on
SARS-CoV-2 infection by Franklyne et al. [49]. A number of antiviral NEs systems
of EOs have been formulated for the proven antiviral EOs [49]. EO has recognized
as a potent reservoir with many bioactive compounds and ample antiviral, over the
past few decades, and as a micellar structures, these EO bioactive compounds are
absorbed in the intestine. The efficacy of the active ingredients in the EOs is signifi-
cantly improved by the emulsification process [49]. The nanoformulation of EOs is
characterized by their kinetic and thermodynamic stability, nonirritant, and nontox-
icity property. Moreover the nanoforms with EOs could improve their efficacy and
delivery, and availability and also deliver drugs that are needed to be administered
(in both water-insoluble and water-soluble forms).

Cinnamaldehyde, pinene, linalool, allyl isothiocyanate, eugenol, thymol, terpi-
neol, and carvacrol, are examples of plant volatiles antipathogenic agents [81, 129].
Further studies by researchers in industry and academy should be focused on eugenol,
terpineol, thymol, and EOs from clove, oregano, thyme, and cinnamon, which could
be applied in the form of NEs as coatings in many pharmaceutical applications
[81]. In the case of human noroviruses such as feline calicivirus (FCV); oregano,
thymol and clove EOs have the lower 1Csy. For murine norovirus, green tea, grape
extracts, thymol and clove EOs are effective agents. In the case of hepatitis A
virus; cinnamaldehyde, thymol, oregano, zataria oils and carrageenan have high
antiviral activity. Leptospermum scoparium and Chamomilla EOs are the most
effective antiviral against the herpes viruses HSV-1 and HSV-2, respectively [81,
129]. NE formulations were prepared for both oleaceous plants EOs (Jasminum
humile and J. grandiflorum), then the NE formula and pure EOs were investigated
for the potency of their nanoemulsion preparations as antivirals and to investigate
the possible activity enhancement by NE formula preparation [78]. The assay of
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methylthiazolyl-diphenyl tetrazolium bromide (MTT) was used to evaluate their
antiviral activity against hepatitis A and herpes simplex viruses (types 1 and 2).
The pure EOs showed weak antiviral activities. However, the prepared NEs of the
two EOs (in a concentration-dependent manner) induced significant antiviral activity
against the tested viruses. Several constituents in the chemical composition of both
EOs were reported to have antiviral activity, such as acyclic alkanes (straight chain
hydrocarbons) e.g., nonacosane and tetracosane [29, 34] as well as nerolidol and
linalool [33, 106].

Topical administration of NEs has also led to many successful antiviral drug
delivery applications [56]. A study recorded the promising results of using penci-
clovir-lavender oil NEs-based gel as topical antiviral drug. The activity was particu-
larly of anti-herpes virus type against herpes labialis disease and this was suggested
due to an improvement of skin permeation has occurred to the protonated surfaces
[56]. While curcumin-loaded NEs have exhibited efficacy against the infection of
human papillomavirus [26]. Recently, a study by Chelliah et al. [30] reported the
purpose of EOs-based NEs in sanitizer formulations was to enhance the efficacy as
antiviral. The stability of the NEs based ultrasonication was enhanced, which was
applied to promote food safety and illustrate cellular damage of pathogens.

4.4 Anti-inflammatory Activity

Inflammation has an important part in the pathologic process of several chronic illness
like diabetes, rheumatoid arthritis, and cancer [31, 143]. If the inflammation is severe,
injured nerves cause transmission of pain signals from neurons to brain [58, 116].
Pain is caused by the liberation of inflammatory mediators from injured tissues [105].
Steroidal and non-steroidal drugs, classified as painkillers, act as anti-inflammatory
drugs, and are used for relieving the related pains, with minimal effectiveness and side
effects [69, 131]. Consequently, efforts to evolve natural nanodrugs acting as major
source for innovative therapeutics are recently attracting more attention [47, 124].

EOs are lipotropic compounds which displays little interactivity with water. This
concern was regarded as a technological provocation. In pharmaceutical production,
lipotropic compounds were encapsulated by colloidal transporters so that they are
able to disperse in water [82].

Rosmarinus officinalis L. EO (EORO) was reports to have compounds acting as
anti-inflammatory. The study aimed to estimate the nano-emulsions that contain R.
officinalis L. EO as anti-inflammatory agents both in vitro and in vivo. This research
was fulfilled quantitatively via cellular antioxidant activity (CCA), DPPH and ABTS,
cellular viability and anti-inflammatory activity in zebrafish, and verification of nitric
oxide production. EORO’s were analyzed using gas chromatography coupled with
mass spectrometry (GC-MS) analysis. The analysis revealed the presence of 1,8-
cineol and camphor in considerable amounts.

NOEROs representing medium size lesser than 200 nm, were obtained via a
low-energy technique. The research proved that the nano emulsions were nontoxic
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towards macrophages, as well; they exhibited antioxidant activity and potency in
proliferation of viable fibroblasts. Moreover, NEs enhanced the activity of EOs as
anti-inflammatory through applying immunomodulatory activity via hindering pro-
inflammatory mediator nitric oxide production. NECHA in zebrafish resulted in the
confirmation of the availability of terpenic compounds, camphor 1,8-cineole, and
alpha-pinene at the target sites, preventing the inflammatory process in the studied
animal species [27].

A pretreatment with Araucaria heterophylla resin EO (100, 200 mg/kg and
indomethacin) remarkably decreased the induced edema which extended to 32.0%,
30.3%, and 39.0%; respectively from correlated basal value at the second hour,
hence proving anti-inflammatory effect of A. heterophylla EO and its nano emul-
sion. At the second hour, A. heterophylla EO (100 mg/kg) protective activity only
appeared together with indomethacin. At the fourth hour, the edema was reduced by
45.7%, 52.9%, 51.1% and 35.5%, and the rat paw was protected by essential oil of
A. heterophylla at 100 and 200 mg/kg, nano emulsion 200 mg/kg and indomethacin,
respectively. A remarkable decrease in edema was reported as a cause of EO effect at
two concentrations (100, 200 mg/kg) or the EO nanoemulsion at concentration (200
mg/kg) comparable with the reference drug (indomethacin) [45].

The EOs of clove (Syzygium aromaticum) and Cinnamon (Cinnamomum zeylan-
icum) are both natural substances obtained from plants with great medicinal impor-
tance, and a broad biological activities. Moreover, the nano emulsions-based gels
(NG) were used extensively to enhance topical drug delivery and efficacy. Their
droplets with sizes 28 £ 6 nm and 12 + 3 nm were developed by using carboxymethyl-
cellulose (3.5% w/v), after that they were gelified and utilized as topical pre-treatment
prior to pain and inflammation induction in case of acute and chronic analgesic
experimental researches.

The main compounds of Cinnamon EO and Clove EO, cinnamaldehyde and
eugenol were reported to have anti-inflammatory activities alike cyclooxygenase
(COX) inhibitors, counting indomethacin and celecoxib [39, 71]. As well, they found
that cinnamaldehyde stops chondrocyte inflammation induced by lipopolysaccharide
[32]. Both clove-NG and cinnamon-NG block the mechanism of peripheral pain, and
they are unable to act on central pain via hot plate test. When clove EO is topically
applied, and cinnamon EQ is intraperitoneally administered, they remarkably reduce
acute and chronic pain in formalin tests [40, 41].

Cinnamon-NG stopped the pain induced by formalin in both stages, showing
the collaboration of both central and peripheral mediated mechanisms, hence, the
results of formalin and paw edema approved the remarkable anti-inflammatory and
anti-nociceptive activities of nanogels formulations [48].

Nano emulsions of EOs for both Deverra triradiata Hochst and Deverra
tortuosa DC. showed remarkable anti-inflammatory and antioxidants activities along
with remarkable elevation in hydroxyproline levels and growth factors. They also
exhibited complete re-epithelialization accompanying activated hair follicles and
plentiful collagen fibers, causing boosting wound healing medications used as topical
application [60].
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Production of Clove EO nano topical delivery systems (CEO), aimed to raising
its anti-inflammatory action. Hence, in this research, oil nanoparticulate systems of
controlled release, which are called nanofibers (NFs) and nanoemulgel were origi-
nated and integrated in the hydrogel matrix of diverse biopolymers—chitosan, gum
acacia and guar gum—to prepare nanoemulsion-based nanoemulgel. Moreover, the
nanoemulsion-based NFs have been developed by the electrospinning technique
utilizing a polymer of polyvinyl alcohol (PVA). Substantial ex vivo, in vitro, and
in vivo assessments of the preceding formulae were administered. Twice topical
application of CEO-NE-based NEG, and single topical application of CEO-NE-
based NFs activated a remarkable anti-inflammatory activity opposing mouse skin
inflammation model induced by croton oil alike the control pure CEO. Furthermore,
skin irritation test carried in vivo, for the systems applied topically showed their cuta-
neous safety profile. These motivating preclinical data give an auspicious and safe
regimen for topical treatment used as inflammatory drugs alternative to marketed
nonsteroidal anti-inflammatory ones, showing side effects [16].

Formulations of EOs-based and coconut oil nano emulgels were tested for their
anti-arthritic activity. Nano-emulsions of ginger, coconut oil, lemon, and turmeric
have been formulated via spontaneous emulsification, and attained when adding 1%
of carboxymethylcellulose and Carbopol.

Assessments of anti-arthritic activity proved that nanoemulgels of lemon and
ginger showed elevated and alike percentage inhibition markings between days 7-28.
Only nanoemulgel of ginger got to values of basal paw on the 28th day. Investigation
of deviation proved statistically remarkable differences (p < 0.05) for the 7th day
results between Voltaren® and the turmeric, coconut groups, and lemon. On the
other hand, on day 21, there were remarkable differences (p < 0.05) also between
coconut groups and ginger and Voltaren group. The nanoemulgel of ginger was
most potent in curing rheumatoid arthritis. The outcome of this research proved the
potency of nanoemulgels EOs of ginger and lemon in curing rheumatoid arthritis in
animal models anticipating it would be a promising support for additional research
investigating its efficacy on humans [93].

Abdelhameed et al. [3] reported that the EOs nanoemulsion extracted from Arau-
caria bidiwillii shoots exhibit remarkable anti-inflammatory activity in case of oral
(at concentration of 50 and 100 mg/kg) and topical (5% in soyabean oil) mould of rat
paw edema induced by carrageenan. They discovered that this nanoemulsion exhibit
aremarkable anti-inflammation by the inflammatory cytokines NO, (IL-1f and ILS),
and PGE2 besides the immunohistochemical and histopathological evaluations of
MMP-9 and NF-kf levels in paw tissues.

4.5 Anticancer Activity

Cancer has been considered as one of the most serious challenges conflicting
humanity as it bring along several related issues, as lacking the power to prevent
diseases, vulnerability of different treatments, deficiency in immunity and high death
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rate [2]. In their attempts to eradicate this fatal disease, scientists had developed
synthetic and semisynthetic treatments to inhibit cell malignant division. Meanwhile,
the serious side effects of conventional therapies acted as an important motivator for
scientists to investigate alternative natural sources of drugs [10]. EOs are condensed
hydrophobic liquid comprising chemical compounds derived from plant source that
are prepared by several techniques such as steam distillation and solvent extraction
[88].

Anticancer effect of EOs was done in 1960, followed by successive studies against
several cancers as melanoma, oral and leukemia [36]. NEs comprise tiny droplet size
where they become kinetically consistent colloidal systems. They have improved
functional compared with conventional emulsions. Their composition and struc-
ture are liable to control for encapsulation and hence effectual delivery of bioactive
lipophobic drugs [20].

Cancer prevention, detection, and treatment have all been studied in relation to
NEs. Procedures that could target tumors directly and make cancer detection and
therapy non-incursive have been proposed and tested. The present-day drug tech-
nologies are adjusted to reduce toxicity, and if possible, a tenfold increasing efficacy
if the drug is administered without targeting. The potential to target cancer cells
alone may manifest to stop therapy side effects such immune system harm and the
loss of rapidly multiplying cells. The folate receptor has emerged as a promising
target for both cancer diagnosis and treatment. Many different tumour forms have a
very high level of folate receptor expression. Through a variety of mechanisms, this
expression could be exploited to choose therapeutic medications that target tumour
tissues [103].

Because of their variable stability and speedily disorder NEs are prepared to
deliver their nonpolar contents by the specific targets. The contents in their main
core are habitually expected to cause apoptotic death in several cancer cell lines like
hepatocyte, colon, breast, prostate, and lung [64].

A modified MTT test, as well as cellular uptake and nuclear morphological studies,
were used to determine the anticancer effects of the Nigella sativa L. EO nano-
emulsion (NSEO-NE). The treatment significantly reduced the vitality of Michigan
Cancer Foundation-7 (MCF-7) breast cancer cells. The nucleo-cytoplasmic morpho-
logical properties of NSEO-NE-treated cells covered blebbing of cell membrane,
vacuolation of cytoplasmic, chromatin marginalization, and nucleus fragmentation.
Hence, the results prove that NSEO-NE induced apoptosis in MCF-7 cells [101].

In his research studies, Alkhatib attempted to overcome the major adverse effects
of Docetaxel (DOC), which is used to limit the multiplication of many types of tumour
cells. He tested the cytotoxicity of DOC-loaded NE formulated on orange oil (DOC-
NEOO). The formulations enhanced the interval of survival times of DOC-NEOO
and NEOO groups. On the other hand, the cancer size in their ascetic fluid have
been reduced after comparison with the DOC-water group. The formulations that
incorporated NEOO improved the amount of high density lipoproteins and decreased
the amount of cholesterol and triglyceride in the mice serum. Hence, incorporating
the DOC into the NEOO has improved its effectiveness and lowered its effect on the
heart [11].
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The EO and NE of Casearia Sylvestris Sw. (Salicaceae) shown anticancer efficacy
against A549 tumour cells, with EC50 values of 4.0 g/mL and 1.0 g/mL, respectively.
According to the linear regression test, the essential oil and its NE displayed a dosage
dependent pattern (r = —0.79, p = 0.03), indicating a fourfold better effectiveness
of the nano-preparation [100].

Cinnamon oil NE encapsulated with vitamin D and cinnamon oil NE with particle
sizes (48.96 nm) and (40.52 nm) displayed anticancer efficacy in human alveolar
carcinoma cells, respectively. The formulations induced DNA damage together with
comparable elevation in micronucleus frequency, arrested the cell cycle progression
in GO/G1 phase, exhibited high expression of Bax, capase-3 and caspase-9 and low
expression of BcL2 proteins together with reasonable elevation in apoptotic cell
population along with loss of mitochondrial membrane potential [84].

The antitumor activities of frankincense EO (FEO) and ginger EO (GEO) NEs
formulated using a high-pressure homogenization method with integrated antineo-
plastic agent, mitomycin C (MMC), revealed that NE-based EOs enhanced MMC’s
apoptotic activity on tumour (IC50) values of GEO-MMC and FEO-MCC NEs
approximated for HeLa cells were reduced by 44.12 and 29. When compared to
MMC solution, those for MCF-7 cells were reduced by 29.29 and 55.3 folds, respec-
tively. Also, FEO-MMC NE resulted in the most breakthroughs on the HeLa cellular
morphology, whereas MCF-7 cells had the most damage with segmented nuclei when
subjected to high GEO-MMC NE. As a result, combining GEO NE with FEO NE
considerably increased its cytotoxicity on MCF-7 and HeLa cells [7].

Mitomycin C synthesized into NEs based on EOs of garlic (GarEO) and
chamomile (ChEO) decreased the cell cell viability of Hela cervical cancer cells
by 42- and 20-fold when compared to free MMC, respectively, whereas treatment
with GarEO NE or GarEO-MMC NEs exhibited powerful modification in the cell
membrane of the HeLa cells when followed by treatment with ChEO or ChEO-
MMC NE:s.. After staining with 4',6-diamidino-2-phenyl indole, the nano-emulsion
of GarEO and GarEO-MMC damage the cell by attaching to its membrane, while the
ChEO or ChEO-MMC migrated within the cell membrane and damaged the nucleus
rightly [12].

Nirmala and his colleagues created nanoscale-based emulsions from clove bud
essential oil (Syzygiumaroticum) in 2019. The cytotoxicity of the formulation was
evaluated using the MTT test, colony formation assay, and Annexin V-FITC assay
against the thyroid cancer cell line (HTh-7), and all three techniques demonstrated
apoptosis and a decrease in cancer cell growth [89].

The MTT assay was used to test the cytotoxicity of CarumCarvi oil nano-emulsion
(CCONE) on human colon cancer HT-29 cells. The apoptotic properties of the nano-
emulsion were evaluated using flow cytometry and real-time qPCR. In compared
to Huvec normal cells, the nano-emulsion demonstrated a strong negative interrela-
tionship between HT29 cancer cell viability and C CONE treatment levels (p value
0.001). The IC50 values for HT29 and Huvec were 12.5 g/ml and 50 g/ml, respec-
tively [63]. In a study done by Afshari and other scientists, nano-emulsions prepared
using Anethumgraveolens (dill) essential oil had dose dependent cytotoxic activity
on HepG2 and HUVEC cell lines, with more predominant effect on HepG2 [126].
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The work published by AlMotwaa, and his team aimed to evaluate the nano-
emulsion prepared from camphor oil (CAM-NE) and Ifosfamide (IFO)-loaded in
CAM-NE (CAM-IFO) as anticancer drug against MCF-7 breast and HeLa cervical
cancer cell lines. The resulted preparation of CAM-IFO showed significantly remark-
able cell growth inhibition and apoptotic activity in vitro after comparison with
on-loaded CAM-NE and drug-free IFO. Incorporating IFO with CAM in NE has
ameliorated the antineoplastic effect of both of IFO and CAM via enhancing their
cellular permeability inside cancer cells [15].

A comparative study was carried by Alkhatib et al. [13], on EONE for lemon
(LEM-IFO) and salvia (SAL-IFO), incorporating ifosfamide (IFO) in both formula-
tions to test them against HeLa cervical cancers cells and MCF-7 breast cancer cells.
The MTT assay, DAPI strain, and light microscopy were utilised to identify the NE
formulations’ anticancer activity. The ICsq values of SAL-IFO and LEM-IFO, tested
against HeLa cells, were 0.141 &£ 0.035 and 0.165 £ 0.025 mM, respectively, while
the ICsg of LEM-IFO and SAL-IFO applied into the MCF-7 cells were 0.200 +
0.005 mM and 0.270 £+ 0.025 mM, respectively. While the ICsy of SAL-IFO and
LEM-IFO applied into the MCF-7 cells were and 0.270 + 0.025 mM and 0.200 +
0.005 mM respectively. According to the study results, SAL-IFO and LEM-IFO have
significant apoptotic effect on the HeLa cells and MCF-7, respectively [13].

Moreover, the ultrasonicated-prepared nano-emulsion of celery oil was analyzed
to investigate its cytotoxic effects on oral squamous carcinoma cells (SAS), as
it showed substantial antiproliferative activities through restraining the growth of
cancer cell as well as inducing apoptosis. The optimized nano-emulsion formula-
tion’s IC50 value for SAS cells was 1.4 L/mL. where the formulation reduced cell
proliferation via restraining anchorage-independent cell growth through inhibiting
colony formation and inducing the death of cancer cells (apoptosis) [90].

The cumin EONE has been prepared using Tween 80 non-ionic surfactant
employing the technology of ultra-sonication. The cytotoxic activity was assessed
via cell viability MTT, antiproliferative activity via clonogenic assay, and apoptosis
via Annexin V-FITC assay. MTT assay declared an ICsq value at 1.5 wL/mL, where
Cumin essential oil nano-emulsion treated tongue carcinoma cell line significantly
[91].

As stated by Marchese and his team, the emulsification of BEO enhanced the
anticancer activity when compared with free BEO, beyond any measurable variation
shown in several formulations evaluated, when used as emulsifiers whey proteins,
solely or in combination with modified starch, sugar esters, and a combination of
glycerol monooleate with Tween 20. BEO exhibited a significant cytotoxic activity
against Caco-2 cells already at a concentration of 100 mg/L [79].

As well, the essential oil base-nano emulsion prepared from Pinus koraiensis
pinecones (PEO) inhibited tumor growth and enhanced apoptosis. Furthermore,
immunohistochemical results proved that PEO nano-emulsion had the ability to
inhibit MGC-803 cells proliferation via down-regulating the expression of YAP1/
TEAD and its target proteins GLI2, CTGF and AREG, besides managing the HIPPO/
YAP signaling pathway and its downstream signaling pathway [141].
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The authors Nirmala, Durai, Anusha, and Nagarajan have formulated Mentha oil
nano-emulsion (MONE) and tested it as anticancer drug using several cell culture
techniques counting MTT, colony formation assay, and Annexin V apoptotic assay.
The formulation showed early induction of apoptosis in anaplastic/aggressive HTh-7,
suppressing the proliferation of ATC cells, and suggesting its use as potent anticancer
drug [88].

Nosrat et al. [92] evaluated the anticancer activity of Ferula gummosa EO nano-
emulsion (FEGO-NE) against HT-29 human colon cancer cells. He also targeted
two major cancer survival strategies counting apoptotic suppression and angiogen-
esis induction in HT-29 colon cancer cells. The FEGO-NE resulted in inhibition of
angiogenesis and an extra effect on the expression of antioxidant genes, where the
decrease of tumor volume (69.72% in 14 days) in samples treated with FEGO-NE
was reported. These results proved that FEGO-NE by several mechanisms can inhibit
tumor cells and decrease effect on induced tumors in the in vivo model [92].

Origanum vulgare EONE (OENE) was synthesized and tested for its toxicity and
inhibitory concentration (ICsg) of OENE against prostate cancer by MTT analysis.
OENE showed an ICs value at 13.82 pLg/mL and remarkably produced recognizable
morphological changes, counting cell shrinkage, cell shape reduction and cell density.
Moreover, OENE remarkably reduced lipid droplet accumulation proved by studying
mRNA transcripts of 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR), sterol
regulatory element-binding protein (SREPB1), and fatty acid synthase (FASN). As
well, there is a remarkable upregulation BAX (BCL2 associated X) and caspase 3
expressions. Hence, the study proved that OENE could be a therapeutic target for
the treatment of prostate cancer and warrants in vivo studies [102].

In another study published by Bashlouei, Heracleum persicum oil nano-emulsion
(HAE-NE) was formulated and its activity against human breast cancer cells and
normal human fibroblasts foreskin was evaluated. Proliferation of cancer cells at
ICsp = 2.32 pg/mL was remarkably inhibited, and cell migration occurred at 1.5
pL/mL. The HAE-NE at 1.5, 2.5 and 3.5 pg/concentration up-regulated caspase 3
and enhanced sub-G1 peak of cell cycle with no cytotoxic effects in the liver, jejunum,
and kidney of mice. Hence, HAE-NE was suggested to be used as cytotoxic agent
against human breast cancer [22].

Furthermore, the EO-based nano-emulsion preparation derived from Zingiber
ottensii (ZOEO), was compared with EOs of members from the same family as
cytotoxic agents against A549, MCF-7, HeLa, and K562, ZOEO exhibited the most
cytotoxicity with ICsg of 43.37 £ 6.69, 9.77 £ 1.61, 23.25 £ 7.73, and 60.49 £
9.41 pg/mL, respectively. ZOEO remarkably enhanced the sub-G1 populations (cell
death) in cell cycle analysis as well, it induced cell apoptosis by apoptotic analysis.
The synthesized formulation remarkably promoted cytotoxicity of ZOEO, specially
against MCF-7 with the IC50 of 3.08 £ 2.58, 0.74 + 0.45,2.31 £ 0.91, and 6.45 £
5.84 pg/mL, respectively [95].

The ultrasound nano emulsification has been used to prepare Pinus morrisonicola
nano-emulsion (PNEO-NE). Cytotoxic activity of the nano formulation was assessed
by cellular and molecular methods. The results showed a great inhibition towards
cancer cells than the normal cell (HFF). As well, the noticeable up-regulated genes
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(CAT, VEGF/VEGFR, Cas-3, Cas-9, and SOD) and the elevation of subG1 peaks
revealed the apoptotic death in HT-29 cells. PNEO-NE suppressed ABTS and DPPH
free radicals (ICsy 4 and 40 mg/ml). The safe structure of PNEO-NE system exhibited
aremarkable effect on cancer cell-sensitive cytotoxic by inducing apoptotic mediated
pathways [65].

In the work developed by Alipanah and his team, Zataria multifora EONE was
evaluated towards breast cancer cell lines (MCF-7 and MDA-MB-468) and human
melanoma (A-375). The ICsy values of the preparation against both cell lines were
32 (12-84), 46 (32-67), and 105 (85-131) pg/mL. The results also suggested that
the ChiNPs containing Z. multifora EO might act as a drug supplement to suppress
cancer cell proliferation (breast and melanoma cells). The relative study proved that
the cytotoxic activity of the formulation was more noticeable in melanoma cells than
in breast cancer cells [10].

4.6 Hepatoprotective Activity

The objective of the research carried by Mostafa et al. [86] was to encapsulate cumin
seed EO (CEO) in a NE and evaluate it as hepatoprotective remedy. Preparation of
S5, comprising of cumin essential oil/oleic acid; oil phase, Smix, distilled water as
well as Tween 20/ethanol (2:1), expressed that the most effective pattern in-vivo and
in-vitro antioxidant activity, along with significant hepatoprotective potential. After
comparing rats that have oxidative stress, the results showed that CEO nano-emulsion
exhibited remarkable decrease in plasma ALT and AST. The remarkably higher
results of CEO nano-emulsions especially S5 were referred to its high permeation,
tiny particles as well as optimum viscosity, therefore giving the noticed fruitful and
extended hepatoprotective and antioxidant activities [86].

A study carried out by Al-Otaibi et al. [8], stated that the combination between
Mitomycin C (MMC) and Chamomile Oil NE improved the impact of MMC in less-
effective concentrations where the half-maximal inhibitory concentration (ICsg) has
been decreased by 21.94 after comparing with MMC-nano emulsion. In-vivo research
proved that mice which administered with CHAM-MMC exhibited a remarkable
elevation in the median survival time (MST = 37 days) after comparing the results
with the MMC-NS treated group (MST = 29.50 days). Moreover, CHAM-MMC
attributed protective effect towards hepatic damage and oxidative stress induced by
EAC and MMC treatment [8].

Fennel EONE (FEO-NE) was synthesized using the oil Lauroglycol™ 90 and
evaluated for its hepatoprotective activity. Results of the in vivo hepatic dysfunction
test in rats showed auspicious remarkable amelioration of liver function shown in
ALT, ALP, AST, albumin, bilirubin, ammonia plasma levels, and malondialdehyde.
The results manifested the hopeful perspective of FEO NEs in attaining medication
for liver toxicity [87].

In 2022, Pascual-Mathey and his team designed nano-emulsion comprising rose-
mary essential oil, and tested it for its hepatoprotective activity. The prepared NEs
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administered orally to adult male Wistar rats with thioacetamide (TA)-made hepatic
injury. In vivo results cerning the analysis of transaminases and liver illustrated that
nano-emulsion formula exhibited hepatoprotective effect on rats’ damaged livers.
Moreover, the rosemary EONE gave results of ALT and AST activities like those
found in control group. It was observed that nano-emulsified essential oil of rosemary
has higher bioavailability and enhance the absorption of bioactive constituents [96].

4.7 Antipyretic Activity

The oral administration of the nanoemulsion of the Araucaria bidiwillii EO with two
concentrations at 50 and 100 mg/kg showed antipyretic potentiality in rats via the
inhibition of hyperthermia induced by intramuscular injection of brewer’s yeast [3].

4.8 Acetylcholinesterase (AChE) Activity

In vivo studies of the effects of the quercetin (QC, Fig. 5) nanoemulsion (QCNE)
were documented via [9]. They found that QC and QCNE attenuate the markers of
oxidative stress and inflammatory increased in the Alzheimer’s disease (AD). These
data were supported via the immunohistochemistry results that confirmed the abilities
of QC and QCNE for retracting of the AICl; negative impact. QCNE exhibited the
more potent effects in AICl; impacts mitigating.

OH
HO O
OH
OH
OH O
quercetin

Fig. 5 Compounds with active AChE NEs
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5 Conclusion

In conclusion, because nanoemulsions have the potential to enhance medication
delivery and therapeutic efficacy, they have attracted a lot of attention in the phar-
maceutical industry. Nanoemulsions are a promising tool in the creation of novel
medication formulations due to their stability and capacity to enhance the absorption
and bioavailability of hydrophobic medicines. This chapter has focused on the most
current developments and uses of nanoemulsions in pharmaceuticals, including how
they can be used to treat a variety of ailments. It is anticipated that nanoemulsions
will play a crucial role in the pharmaceutical sector’s efforts to create new and better
therapeutic formulations as research into them proceeds.
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Pranchal Rajput, Kundan Kumar Chaubey (), Sapna Yadav,
Chetan Shrivastava, Sujata Hariharan, Rakesh Kumar Bachheti,
and Archana Bachheti

Abstract One of the most crucial instruments in contemporary agriculture is
nanotechnology and agri-food nanotechnology is predicted to become a major
economic force. The preservation and sustainability of agriculturally produced foods,
including both crops for human consumption and those used as animal feed, are
particularly stressed by agri-food themes. The use of pesticides is expected to decline
thanks to the introduction of novel agrochemical agents and delivery systems made
possible by nanotechnology. In medicine, improved medication bioavailability is
made possible, along with fewer negative side effects, less non-specific absorption,
and precise targeting of particular target cells. Meanwhile, it plays a significant role
in food preservation and the bio-fortification of food with beneficial compounds in
the food sector. New generations of agrochemicals are produced in large quantities
using nanotechnology. Natural components can be found in bio-based nanoemulsions
(NEs) that are members of the lipid nanocarrier class. These components include the
plant oils used for the oil phase, emulsifiers, biosurfactants, cosurfactants, targeting
ligands on the surface of the NEs (like folate), or encapsulating active substances.
In addition to protecting encapsulated chemicals from deterioration, ensuring their
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lasting discharge, and lowering the quantity of an active component required for the
desired effect, the bio components in these NEs are not hazardous to living things.

Keywords Nanoemulsion - Biomedical - Agriculture - Composition + Safety

1 Introduction

Severe health-related concerns contribute to the international dissemination of
healthier, safer, and cost-effective food items. Functional foods were also devel-
oped as a tool to give food an additional purpose. This can be accomplished by
producing more already physiologically active molecules or including new bioac-
tive components. As a result, food products typically have qualities that promote
health or prevent disease in addition to their nutritional value. Nevertheless, it has
become obvious that many health-promoting drugs’ limited bioavailability or inef-
fective long-term stability may not retain their effects. Nanoemulsions (NEs) are
one of the most fascinating delivery technologies in the food industry. Food stability
is increased, and the bioavailability of the encapsulated bioactive components is
improved by NEs-based delivery methods [36]. One of the most popular nanocar-
riers is NEs, particularly in the food business. The droplet size of NEs ranges from
20 to 200 nm, and it is a biphasic heterogeneous, thermodynamically unstable, kinet-
ically stable, transparent, colloidal system. It is made up of surfactant, cosurfactant,
aqueous, and oil. Due to their compositional flexibility, NEs are widely employed
in food science. They also considerably affect food systems’ texture, rheology, and
organoleptic aspects [18]. The dispersion of two immiscible liquids is known as
an emulsion, with the spherical droplets constituting the dispersed phase and the
surrounding liquid the continuous phase. Water and oil are the two most frequently
used liquids to create emulsions [26]. Large oil droplets with water droplets scattered
in an aqueous phase make up the w/o/w emulsions.

In contrast, water droplets, including oil droplets, are dispersed in an oil phase
in an o/w/o emulsion system. Continuous NEs have inter-distributed oil and water
microdomains in the system [3]. Applications for NEs include medicine delivery,
pharmaceuticals, cosmetics, and food (Fig. 1). NEs are one of the most fasci-
nating delivery technologies in the food industry. Food stability is increased, and
the bioavailability of the encapsulated bioactive components is improved by NEs-
based delivery methods [36]. It is crucial to ensure they are safe to use and have no
negative impacts on human health. In order to better understand the potential toxicity
of swallowed nanoparticles (NPs) like NEs, significant efforts are being made [1].
The potential to encapsulate bioactive compounds with improved solubility, bioavail-
ability, protection, and targeted delivery makes the NEs system a compelling choice.
Regarding stability against creaming, flocculation, and sedimentation, the nano-
based system performs better than micro- and macroemulsions [25]. This chapter
discusses the contribution of NEs in the agri-food industry and biomedical sector.
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2 NEs Security

2.1 NEsin Food

Several industries, including medicine delivery, pharmaceuticals, cosmetics, and
food, use NEs. This section focuses on the uses of NEs in the food business. As
a suitable form, NEs have been utilized to enhance food digestion, the bioavail-
ability of active ingredients, the pharmacological actions of certain chemicals, and
the solubilization of medications. NEs have been employed as an effective form to
increase food digestibility, the bioavailability of active ingredients, the pharmaco-
logical actions of certain chemicals, and the solubilization of medications (Fig. 2).
The amount of food absorbed by the gastrointestinal tract and enters the bloodstream
is referred to as food digestibility. In order to enhance the characteristics of food and
natural extracts’ digestion, NEs have been used as a suitable form [36].

Depending on the purpose, NE-based delivery systems may include nutrients,
flavorings, preservatives, colors, or preservatives. Compared to samples packaged
using traditional methods, this technology can stop microbe development, changes
in food color and appearance, weight loss, moisture content reduction, unwanted
flavor and taste, and slow the rate of oxidation and browning. Several food qualities,
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including taste, texture, flavor, color, spoilage, and stability, can be managed using
these promising nanotechnologies [1].

2.2 NEs in Agriculture

In order to increase crop yield while ensuring food safety and nutritional value,
nanotechnology is used in agriculture [11, 14]. Using nanomaterials, which enable
the delayed release and transport of these nanoagrochemicals, is necessary to boost
crop output by controlling the release of fertilizers, insecticides, herbicides, and
plant growth regulators/promoters [21-23, 30, 38]. A farming technique called preci-
sion agriculture is used to maximize agricultural productivity without harming the
soil and water. Another way nanotechnology is used in agriculture for industrial
purposes involves growing plants in certain soils to extract NPs from the soil, a
practice known as particle farming (Ali et al. 2018). Another method used to reduce
the dosage of nanoagrochemicals and improve the environment is nanoencapsu-
lation. Insect-resistant plants have been developed through gene or DNA transfer
using NPs. Certain NPs themselves behave as insecticides with great toxicity and
sensitivity. Due to their inherent properties, metal oxide NPs like Zinc oxide (ZnO),
Cupric oxide (CuO), and Titanium dioxide (TiO;) can be used to protect plants from
infections by plant pathogens (Nikolova and Chavali 2020). ZnO NPs’ antifungal
and antibacterial properties prevent the growth of microorganisms. By improving
crop growth and quality, nanofertilizers are aimed to reduce nutrient waste while
increasing nutritional value, which increases economic gains (Nikolova and Chavali
2020) [9-13, 15]. Commercialized Nano fertilizers are sold as micronutrients with
nanoscale of Manganese (Mn), Copper (Cu), Iron (Fe), Zinc (Zn), Molybdenum
(Mo), Nitrogen (N), and Boron (B). Using wireless Nano sensors dispersed across
the fields, nanotechnology is used in crop disease surveillance, crop growth, plant
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health, and environmental factors (Shang et al. 2019). Nanosensors in the food and
agricultural systems can identify Nano agrochemicals and diseases even in extremely
low quantities. According to a recent study, copper-doped montmorillonite is used for
online monitoring of the aquatic environment’s exposure to the fungicide propineb
(in both fresh and saltwater). Aquaculture can benefit from graphene NPs since they
can detect pathogens in effluent and remove them. For real-time monitoring in agri-
culture, nanosensors made of gold, silver, copper, and CNT materials are also used
[38] (Shaw and Honeychurch 2022) (Fig. 3).

2.3 NEs in Biomedical Sector

How NEs interact with biological systems determines their toxicity and safety. In
the past several years, numerous comprehensive studies have been conducted on the
interactions of inorganic NPs with biological systems. However, very little study
has been conducted on the interactions of NEs droplets with biological systems.
NEs containing vitamin E altered the expression of numerous genes, which altered
how ketone bodies were formed (B-hydroxybutyrate and palmitoleic acid), how
energy and xenobiotic were metabolized (CYPIAI and glutathione S-transferase),
and how much stearoyl-CoA desaturase was produced [33]. Angiotensin II receptor
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blocker olmesartan medoxomil has been converted into a NE form to increase its
oral bioavailability and water solubility. Medoxomil and olmesartan studies that are
administered orally, hematologic, biochemical, and structural examination showed
that this bioactive molecule had a considerable concentration in the animal’s brains
after receiving NEs for 28 days at sub-chronic toxicity dosages from Wistar rats,
albeit with minimal toxicity [8]. A resveratrol-loaded NE ability to inhibit angio-
genesis in chick embryos was evaluated, but no harm was found [34]. The LDs
values of Eucalyptus staigeriana essential oil and its NEs carriers were found to
be 1604 and 3496 mg/mL, respectively, in a study comparing their acute toxicity
in mice. When used on Haemonchus contortus, Eucalyptus staigeriana NEs have
ovicidal and larvicidal actions without changing the hematologic parameters [20].
When used to transport curcumin to the brain by intranasal administration, mucoad-
hesive NE loaded with the compound was made using chitosan and did not exhibit
toxicity [40]. HepG2 cells were unaffected by D-tocopherol NEs produced from
lemon oil, Tween 80, and water, which were stabilized by tocopheryl polyethylene
glycol 1000 succinate. Cell viability was as high as 100% [19]. Effects of hydrox-
ypropyl methylcellulose and lecithin in puerarin nanosuspensions on colon cancer
prevention were examined using HT-29 cells. According to the results of the cytotox-
icity tests, puerarin nanosuspensions could stop HT-29 cells from proliferating [48].
When coupled with authorized seasonal influenza antigens, the NEs mucosal adju-
vant W805EC demonstrated no toxicity, and healthy adult human subjects tolerated it
well [41]. In a 28-day subchronic toxicity trial, paclitaxel NEs (6.5 and 3 mg/kg oral
dosages), an anticancer medication, exhibited no significant hematologic, biochem-
ical, or structural abnormalities. However, at a dose of 12.8, mg/kg body weight, a
noticeable drop in RBCs, hemoglobin, and neutrophils were seen [5]. When used in
large doses, pomegranate seed oil NEs had a hemolytic impact [31]. In an oral admin-
istration of 18.63 mL/kg of garlic oil NEs to female rats as part of an acute toxicity
investigation, all rats died immediately. However, 0.46 mL/kg of garlic oil NEs and
0.5 mL/kg of Tween 80 did not cause any hematologic or histological alterations
[35]. It has been demonstrated that quercetin NEs have good skin biocompatibility
and cause little eye discomfort [6]. A recent study found that curcumin-loaded NEs
could induce the death of colon cancer cells while having no cytotoxic effects on
healthy fibroblasts and having strong anti-inflammatory characteristics [45]. Most
recent research on the toxicity and safety of NEs in biological systems points to the
safety of their use. Only a few studies have found NEs to be harmful, likely due to
the extremely high concentrations used. Thus, it is possible to conclude that most
NEs are safe when utilized in low quantities (Fig. 4).

3 Safety Regulation in NEs

It is difficult to determine the safety of nanoscale products in general and of NEs in
particular. Numerous research studies have been conducted to determine the possible
toxicity of inorganic NEs. However, relatively few researches have been done to
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assess the toxicity and safety of NEs. So, much of what we now know about the
study, NEs may harm other nanoscale materials. The possible toxicological effects
of NEs on biological systems are potentially influenced by a wide range of variables,
which can be grouped into many major categories:

e Composition of NEs
e NEs administration method

3.1 Composition of NEs

A multitude of organic or synthetic ingredients, such as oils, surfactants, cosurfac-
tants, weighing agents, ripening inhibitors, thickeners, and gelling agents, may be
used to create NEs [2, 16, 28] (Wani et al. 2016). Some of these ingredients are either
notused in traditional emulsions or are used far less frequently than in NEs [7, 17, 29].
Since the components used to create NEs differ from those used to create emulsions,
they are likely to have toxicity profiles that are distinct from emulsions. Given their
widespread use at high concentrations in other products, many components used to
create NEs, such as protein-emulsifiers with phospholipid and polysaccharide bases,
would not be expected to enhance toxicity. However, several synthetic surfactants,
including anionic surfactants (such as lactic acid esters), nonionic surfactants, and
cationic surfactants (such as lauricarginate), may increase itchiness or high amounts
of usage can be dangerous (e.g., Tweens and Spans) [26]. The effect of the NEs’s
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composition on its toxicity has only received a small number of studies. However, a
Caco-2 cell culture research found no discernible difference between NEs and emul-
sions stabilized by various emulsifiers (modified starch, Tween 20, or whey protein),
indicating that reducing the droplet size did not significantly affect their toxicity
[53]. Cosurfactants, organic solvents, weighing agents, or ripening inhibitors are
frequently used in the formulation of NEs to produce small droplets; however, these
ingredients may also increase the toxicity of the final product. For instance, some
substances may make cell membranes more permeable, disintegrate tight junctions
or inhibit active absorption or efflux processes, which might indirectly impact the
intake of bioactive chemicals.

3.2 NEs Administration Method

An important factor in determining the potential toxicity and safety of NEs is how
they enter biological systems. The majority of NEs used in food applications are taken
orally. However, it is typical to administer NEs via the lungs, veins, muscles, and
eyes [53]. NEs made of absorbable lipids consumed orally are often quickly digested
in the digestive system, resulting in mixed micellar that contain monoacylglycerides
and free fatty acids, which are then absorbed. As a result, even if they are created
at a faster rate, As a result of digesting NEs, the final products may be the same
as those produced by traditional emulsions, which may change the levels of blood
serum [27]. Therefore, only a very small part of the swallowed NEs droplets will
typically be able to pass through the epithelial cells will absorb the substance without
being harmed by the mucous layer [27] (Miiller et al. 2011). A small percentage of
NPs are absorbed in the gut without being digested; it is unknown how harmful these
particles may be.

When inedible lipids are utilized to create NEs, a far more significant propor-
tion of NPs may be directly absorbed. The properties of the NEs droplets may then
impact their absorption, distribution, metabolism, and excretion (such as particle size,
charge, and composition) [4]. There is certainly a great need for more research in the
future because our current grasp of this crucial subject needs to be improved. Due
to its potential to amplify the permeability and retention of bioactive elements, NEs
may also be administered intravenously in medicinal applications [48]. The accept-
able range for the mean particle diameter of NEs designed for these applications is
between 100 and 300 nm [42]. The droplets may obstruct the blood vessels if they are
sufficiently big; nevertheless, if they are too tiny, they could be absorbed rapidly and
unevenly. One of the key determinants of the component that was injected’s toxicity
and safety is the dosage of the injection. Another method for continuously releasing
bioactive components in biological systems is an intramuscular injection [51]. To
manage medication pharmacokinetics, it is crucial to regulate the size of the droplets
in NEs designed for this kind of application. It has been demonstrated that admin-
istering curcumin and curcumin didecanoatenano suspensions intra muscularly has
no adverse effects on the spleen, heart, lung, liver, or kidney [51].
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Consequently, there is room for research into NEs designed for intravenous and
intramuscular injection. Since it has been shown that NEs can improve their perme-
ability profiles, risk relating to the skin penetration pattern of active substances should
be considered for cosmetic-loaded NEs. Cosmetic components can typically pene-
trate the top layer of human skin, but they should not go much deeper than that. As a
result, it is essential to examine the potential that employing NEs could improve its
penetration profile as a key component of ensuring consumer safety [32]. The risk
analysis of cosmetic products based on NEss suggests that the regulatory framework
may need reevaluation (Table 1).

NEs offer very promising multisectoral usage in the healthcare, food, polymer
manufacturing, and cosmetics industries based on their physicochemical and func-
tional characteristics. Consequently, they have attracted considerable attention from
the scientific community. When hydrophobic bioactive substances have to be encap-
sulated and released, NEs is one of the most straightforward and efficient delivery
strategies. Depending on the kind of substances utilized and the manufacturing
processes employed to create them, they have different compositions and architec-
tures. Depending on their intended use, they may also be given via various delivery
methods (including the mouth, skin, nose, eyes, or intravenously). Because the system
composition of NEs has changed from traditional NEs, the additional components
or higher ingredient levels frequently needed to form the very small droplets may

Table 1 Safety regulations used in different publication of nano-emulsion in the food, agriculture
and biomedical sector

Nano-emulsions Impact of nano-emulsion Key references
Agriculture
Neem oil (0.5-3 w/v%) Aspergillus flavus and Penicillium Silva et al. [39]

citrinum-specific antifungal activities

Clove oil (1 w/v%) Activity against Glomerella cingulate Silva et al. [39]
that is antifungal and cytotoxic

Effect of genotoxicity and
ecotoxicityon Folsomia candida

Eugenol oil (3.3 v/v%) Action against Glomerella cingulata Velho et al. [46]
that is antifungal

Food

Ripening retardant Sodium chloride Schuch et al. (2014)
Citral Flavoured substance Yang et al. [52]
B-Carotene Coloured substance Tan and Nakajima [43]

Biomedical sector

Insulin Increasing the effectiveness and oral Liet al. [24]
absorption of insulin

Aspirin Minimise any negative consequences Tang et al. [44]

Docetaxel To provide a reliable, efficient, and Verma et al. [47]

secure substitute
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impact their toxicity. By altering the solubility, stability, or absorption of encapsu-
lated bioactive compounds, the tiny size of the droplets in NEs may also impact their
biological fate. However, this issue can frequently be solved by creating NEs solely
from substances proven to be secure when utilized at the necessary concentrations.
Applications for bioactive substances and functional food components in NEs in the
food sectors are quite promising. The functions of food can be improved, as well
as their quality and shelf life, with the help of emulsion-based delivery methods
and NEs edible coatings. However, using food-grade NEs will be common only if
their manufacturing cost is commercially viable and exceeds the industry’s safety
standards. The bioactivity of the encapsulated components must be maximized due
to increased production. More research should concentrate on the biological effects
and dangers of using delivery systems based on NEs in food products and packaging
applications to assure consumer safety.

Nanotechnology makes potential new applications for agriculture, food, and
medicine possible. With its scope including complete industrial operations, starting
with plant cultivation and animal nutrition, then moving on to food manufacturing,
monitoring, and packaging, and possibly beyond, which encompasses the entire
chain from farm to fork, nanomaterials have sparked a tremendously positive change.
By using methods including targeted delivery, slow/controlled release, conditional
release of active substances in response to environmental cues, accurately matching
biological demands and other methods, nanotechnology has introduced nanostructure
formulations in agriculture, revolutionizing the industry. Applications of nanotech-
nology already in use include eradicating the harmful effects of traditional. The
effects of agrochemicals and food business practices on human health and the
environment and moving toward a more modern approach that makes use of this
technology’s potential and high reliability.

4 Conclusion and Perspectives

One of the most straightforward and efficient delivery techniques for encapsulating
and releasing hydrophobic bioactive substances is NEs. Depending on the type of
ingredients used and the manufacturing techniques, they may have various composi-
tions and architectures. Depending on their intended use, they may also be given in
other ways (such as the mouth, skin, nose, eyes, or intravenously). Due to the different
system composition from typical NEs, the additional components or higher ingre-
dient concentrations frequently needed to form the very small droplets in NEs may
impact their toxicity. However, this issue can frequently be solved by creating NEs
solely from substances proven to be secure when utilized at the necessary concentra-
tions. By changing the stability, solubility, or absorption of encapsulated bioactive
substances, the tiny size of the droplets in NEs may also impact their biological
fate. It is often preferable to boost the bioactivity of bioactive substances, which
increases their bioavailability. However, in certain circumstances, this can be unde-
sirable because the bioactive agent is harmful by nature (like pesticides) or because
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the bioactive agent is toxic at higher levels, even while it is useful when absorbed at
relatively low to intermediate levels (such as some oil-soluble vitamins). The physic-
ochemical underpinnings of the possible toxicity of NEs need to be better understood.
Additional in vitro and in vivo research is needed in this area. There is no global regu-
latory body in this field, and the regulation of nanoscale items (including NEs) is still
in its early phases. It is still urgent for regulatory bodies worldwide to create reliable,
consistent processes for evaluating the safety of nanoscale items. The creation of
these laws will ensure that the advantages of nanotechnology may be reaped without
negatively impacting consumer and environmental health.
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