





Essential Oils - Recent
Advances, New
Perspectives and

Applications
Edited by Jonas Viskelis

Published in London, United Kingdom




Essential Oils - Recent Advances, New Perspectives and Applications
http:/dx.doi.org/10.5772/intechopen.107782
Edited by Jonas Viskelis

Contributors

Gullelaala Khan, Gulshan Irshad, Farah Naz, Raina Ijaz, Abd-ur-Rehman Khalid, Muhammad Usman Raja,
Sajid Mehmood, Nayla Haneef, Amar Mehmood, Nagina Rafiq, Saiga Bashir, Amna Magsood, Liliana
Betancourt Lépez, Imen Dridi, Ahmed Landoulsi, Nadia Smirani, Kolajo Adedamola Akinyede, Habeebat
Adekilekun Oyewusi, Oluwatosin Olubunmi Oladipo, Oladimeiji Samuel Tugbobo, Saber Jedidi, Hichem
Sebai, Ibrahim Mohamed Khattab, Mohamed Fathy Elgandy, Zoubeida Souiy, Mkaddem Mounira, Elena
Stashenko, Jairo René Martinez, Mimouna Yakoubi, Nasser Belboukhari, Khaled Sekkoum, Mohammed
Bouchekara, Michael Ibok, Oluwakayode Odeja, Ejike Onwudiegwu Okpala

© The Editor(s) and the Author(s) 2024

The rights of the editor(s) and the author(s) have been asserted in accordance with the Copyright,
Designs and Patents Act 1988. All rights to the book as a whole are reserved by INTECHOPEN LIMITED.
The book as a whole (compilation) cannot be reproduced, distributed or used for commercial or
non-commercial purposes without INTECHOPEN LIMITED’s written permission. Enquiries concerning
the use of the book should be directed to INTECHOPEN LIMITED rights and permissions department
(permissions@intechopen. com).

Violations are liable to prosecution under the governing Copyright Law.

@)

Individual chapters of this publication are distributed under the terms of the Creative Commons
Attribution 3.0 Unported License which permits commercial use, distribution and reproduction of
the individual chapters, provided the original author(s) and source publication are appropriately
acknowledged. If so indicated, certain images may not be included under the Creative Commons
license. In such cases users will need to obtain permission from the license holder to reproduce
the material. More details and guidelines concerning content reuse and adaptation can be found at
http: /www . intechopen.com/copyright-policy. html.

Notice

Statements and opinions expressed in the chapters are these of the individual contributors and not
necessarily those of the editors or publisher. No responsibility is accepted for the accuracy of
information contained in the published chapters. The publisher assumes no responsibility for any
damage or injury to persons or property arising out of the use of any materials, instructions, methods
or ideas contained in the book.

First published in London, United Kingdom, 2024 by IntechOpen

IntechOpen is the global imprint of INTECHOPEN LIMITED, registered in England and Wales,
registration number: 11086078, 5 Princes Gate Court, London, SW7 2QJ, United Kingdom
Printed in Croatia

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from the British Library

Additional hard and PDF copies can be obtained from orders@intechopen.com

Essential Oils - Recent Advances, New Perspectives and Applications
Edited by Jonas Viskelis
p.cm.

This title is part of the Biochemistry Book Series, Volume 49
Topic: Chemical Biology

Series Editor: Miroslav Blumenberg

Topic Editors: Sukrl Beydemir and Deniz Ekinci

Print ISBN 978-0-85014-204-4
Online ISBN 978-0-85014-205-1
eBook (PDF) ISBN 978-0-85014-206-8
ISSN 2632-0983



We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

68(D®+ 183,000+ 200M+

ailable International authors and editor: Downloads

Our author: among the

156 Top 1% 12. 2%

Countries deliv most cited s Contributors from top 500 universities

J ook *
CITATION
INDEX

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

1






IntechOpen Book Series

Biochemistry
Volume 49

Aims and Scope of the Series

Biochemistry, the study of chemical transformations occurring within living
organisms, impacts all of the life sciences, from molecular crystallography and
genetics, to ecology, medicine and population biology. Biochemistry studies
macromolecules - proteins, nucleic acids, carbohydrates and lipids —their building
blocks, structures, functions and interactions. Much of biochemistry is devoted

to enzymes, proteins that catalyze chemical reactions, enzyme structures, mech-
anisms of action and their roles within cells. Biochemistry also studies small sig-
naling molecules, coenzymes, inhibitors, vitamins and hormones, which play roles
in the life process. Biochemical experimentation, besides coopting the methods

of classical chemistry, e.g., chromatography, adopted new techniques, e.g., X-ray
diffraction, electron microscopy, NMR, radioisotopes, and developed sophisticat-
ed microbial genetic tools, e.g., auxotroph mutants and their revertants, fermenta-
tion, etc. More recently, biochemistry embraced the ‘big data’ omics systems.
Initial biochemical studies have been exclusively analytic: dissecting, purifying
and examining individual components of a biological system; in exemplary words
of Efraim Racker, (1913 -1991) “Don’t waste clean thinking on dirty enzymes.”
Today, however, biochemistry is becoming more agglomerative and comprehen-
sive, setting out to integrate and describe fully a particular biological system. The
‘big data’ metabolomics can define the complement of small molecules, e.g., ina
soil or biofilm sample; proteomics can distinguish all the proteins comprising e.g.,
serum; metagenomics can identify all the genes in a complex environment e.g., the
bovine rumen.

This Biochemistry Series will address both the current research on biomolecules,
and the emerging trends with great promise.
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Preface

In recent years, essential oils have gained significant attention and recognition for
their diverse range of benefits and applications.

The use of essential oils has continued to grow in popularity across various industries,
including medicine, agriculture, food, and cosmetics. Their therapeutic properties
and natural origins make them a valuable resource for a wide range of applications.
These oils, extracted from aromatic plants through steam or hydro-distillation,

have a long history of use in ancient civilizations for various purposes such as pain
management, wound care, respiratory tract complaints, aromatherapy, and spiritual
relaxation. Furthermore, essential oils serve as a rich source of compounds that are
used in different fields. Essential oils have become increasingly important in scien-
tific research and industrial settings, from nutritional and pharmaceutical uses to
perfumery and herbal beverages.

The diverse range of therapeutic effects of essential oils is a testament to the varied
bio-benefits that aromatic plants offer. With approximately 3000 essential oils
known, and 300 of them being commercially important, the potential for their
application in the pharmaceutical, agronomic, food, cosmetic, and perfume indus-
tries is vast and continually expanding. The extraction techniques used to obtain
essential oils are vital in preserving the bioactive compounds that contribute to their
therapeutic properties. Each plant requires specific extraction methods to ensure the
highest quality of essential oils. These oils have found applications in a wide array of
products, including food, drinks, perfumes, pharmaceuticals, and cosmetics, due to
their rich and complex chemical composition.

Furthermore, essential oils’ historical significance and continued relevance in
modern times demonstrate their enduring appeal. The ancient civilizations’ use of
essential oils for pain management, wound care, and spiritual relaxation underscores
their time-tested efficacy and versatility. As the scientific community delves deeper
into the potential of essential oils, their significance as a valuable natural resource will
only continue to grow.

Jonas Viskelis

Institute of Horticulture,

Lithuanian Research Centre for Agriculture and Forestry,
Babtai, Lithuania
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Chapter1

Phytochemistry, Medicinal Uses,
and Beneficial Nutritional Effects
of Essential Oils

Saber Jedidi and Hichem Sebai

Abstract

Plants contain a considerable reservoir of secondary metabolites (flavonoids,
tannins, and essential oils). These molecules exhibit variations in chemical structure
as well as a very wide range of biological activities. Essential oils (EOs) are secondary
metabolites produced by aromatic plants. EOs contain bioactive molecules, mainly
represented by monoterpene hydrocarbons, oxygenated monoterpenes and sesquiter-
penes, and sesquiterpene hydrocarbons. The organoleptic properties and biological
activities of EOs are distinguished by their respective compositions. They have long
been recognized for their medicinal properties such as antibacterial, antifungal, bio-
herbicide, antioxidant, anti-inflammatory, antidiabetic, and hepato-nephroprotective
activities. These organic compounds also exert beneficial effects on the nutrition
of ruminants, by modulating digestibility and reducing the emission of methane, a
greenhouse gas. This chapter is devoted to the study of chemical composition, medici-
nal uses, and beneficial nutritional effects of essential oils.

Keywords: essential oils, extraction method, phytochemistry, therapeutic potential,
nutritional effects

1. Introduction

In recent decades, an increased interest has been given to alternative medicine. In
this respect, the return to herbal care is highly recommended. Indeed, plants and their
therapeutically active substances have been widely used in ethno-medicine [1]. On
the other hand, researches on the benefits of physiotherapy and aromatherapy, using
essential oils (EOs) for healing purposes, were constantly increasing [2]. The medici-
nal properties of essential oils are thus widely described.

Essential oils (EOs) are products with a rather complex composition, containing
volatile active ingredients. Physically, these are volatile, which differentiates them
from fixed oils. They are colorless liquids with a generally strong odor and flavor
[3]. They are poorly miscible with water and well soluble in oils and organic solvents
[4]. Finally, the obtained oils are separated by the difference in density, generally by
simple decantation [5].

According to botanists, there are approximately 800,000 to 1500,000 plant
species, 10% of which contain EOs. Indeed, they have been reported to be present in
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about 2000 species distributed in 60 botanical families, such as Lamiaceae, Lauraceae
Myrtaceae, Rutaceae, Asteraceae, Cupressaceae, Poaceae, and Zingiberaceae [6].

EOs are located in various parts of the plant (roots, fruits, seeds, flowers, leaves,
bark, and wood). The biosynthesis of these compounds realizes in plant cells via vari-
ous metabolic reactions, such as isopentenyl diphosphate and its isomer dimethylallyl
diphosphate. The end products of EOs are terpenoid and are synthesized with a large
group of enzymes called terpene synthases. They occur in the cytoplasms of plants.
Then, they localize in several organs of the plant such as trichomes, epidermal cells,
and, finally, the secretory pockets [7].

According to reprts, EOs are distinguished by their smells, colors, densities,
and chemotypes. Therefore, each essential oil has its characteristics, fragrance, and
properties. Importantly, EOs are defined by their botanical species, part of the plant,
the extraction mode, and the characteristic active principle [8].

EOs are characterized with several biological activities, such as fungicide, insec-
ticide, herbicide, and bactericide potentials. These could be used as antiseptic and
antimicrobial properties [9]. Many reports have shown that these volatile compounds
have antioxidant, antiviral, and antiparasitic properties. EOs are also utilized as drugs
in cancer chemotherapy [10]. These bioactive molecules have been useful in dentistry
for the disinfection of dental pulp and the treatment/prevention of caries [11].

In animal nutrition, essential oils have attracted the attention of nutritionists
for their potential role as an alternative to growth-promoting antibiotics. In small
ruminants, essential oils are characterized for their beneficial effects on the digestion
and digestibility of food. More importantly, research has shown that the inclusion
of essential oils at reasonable doses modulated rumen fermentation parameters such
as organic matter digestibility (OMD)), volatile fatty acids (VFA), and metabolizable
energy (ME) [12, 13].

On the other hand, human and animal poisoning with essential oils has been
reported in several research works [14, 15]. Due to the increase uses of essential oils,
the number of poisonings is expected to amplify in the future. It is therefore interest-
ing to use EOs in animals and humans with caution.

In the available chapter, we firstly defined the essential oils, by studying their
extraction methods and chemical structure, as well as their main uses. Then, in a
second part, we developed their pharmacological and beneficial effects in animal
nutrition.

2. Methods of essential oils extraction

Several methods of EOs extraction have been previously described. This diversity
is due to the plant material variety and the sensitivity of their constituents. The choice
of mode depends on the nature and the plant material parts, the physicochemical
characteristics of EOs, as well as the extract uses. In this chapter, we will present some
techniques for the EOs extraction.

2.1 Distillation by steam entrainment

At the Sylvo-Pastoral Resources laboratory in Tabraka, the technique consists of
distilling 10 to 15 kg of plant material in the alembic with 10 L of water separated by
a grid in a still (Figure 1). The distillation temperature is 100°C. The operation leads
to the release of water vapor, which plays a dual role: (i) release of the plant essence
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Figure 1.
Extraction of essential oils from Pinus halepensis needles by steam distillation. A: Water filling up to separvation
grid level; B: Introduction of plant material in the alembic. C: Complete assembly.

and (ii) transport of the oil, which condenses during cooling. The obtained liquid
contains a fraction of essential oil and another of floral water. These two constituents
are separated by the difference in density.

2.2 Hydrodistillation

This technique is the oldest method used. In brief, the plant material is immersed
directly in a still filled with water placed on a heat source. The mixture is then brought
to a boil. The vapors are condensed in a cooler (Figure 2). These two obtained con-
stituents are separated by the difference in density [17].

2.3 Hydrodiffusion

It involves spraying water vapor through plant material in a top-down position.
In this case, the vapor passing through the plant material is downward, as opposed to
other traditional distillation techniques (Figure 3). This technique is more advanta-
geous, since it qualitatively and quantitatively improves the harvested essential oil,
saving time, steam, and energy [18].

Condenser

+— Essential Oil

Aqueous phase

Plants and water

Hot plate

Figure 2.
Extraction of essential oils by hydrodistillation [16].
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Figure 3.
Extraction of essential oils by hydrodiffusion.

2.4 Expression

This technique of expression or cold pressing essentially concerns the extraction
of essential oils from the zest of lemons and oranges. Finally, the essence is released
by a stream of water, then decanted (Figure 4). A new mechanical technique based
on the bursting of the oleiferous bags under the effect of either a depression or abra-
sion of the fresh bark would eliminate water and reduce the effects of the essences
compounds oxidation [20].

2.5 Solvent extraction

The solvent extraction technique consists of placing a volatile solvent and the plant
material in an extractor. The product thus obtained is called “concrete”. This concrete
can then be brewed with absolute alcohol, filtered, and iced to extract the vegetable
waxes.

After a final concentration, an “absolute” is obtained.

Among the features of this technique are:

* Yields are generally higher compared to conventional distillation.

* The use of organic solvents, which can lead to risks of artifacts and possibilities
of contamination of the sample by impurities that are sometimes difficult to
eliminate [21].

2.6 Microwave extraction

This technique is called Solvent Free Microwaves Extraction. It consists of
extracting the essential oil using constant energy microwave radiation and a vacuum
sequence. This technology is a combination of microwave heating and atmospheric
pressure distillation. This method consists of introducing the part of the plant to be
extracted into microwave reactor, without organic solvent/water. The increase in the
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Bolt

Plants
Extractor

+——— Essential Oil

Figure 4.
Cold pressing method [19].

+———eee COndlenser

+— Essential Oil

Aqueous phase

Microwave Oven

Plants and water

Figure 5.
Microwave-assisted hydrodistillation [16].

vegetable aqueous fraction allows the rupture of the glands containing the essential
oil. Finally, a cooling system outside the microwave allows the condensation of the
distillate (Figure 5). This process seems to be more competitive and economical than
the conventional methods [22].
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Figure 6.
Enfleurage of vose petals.

2.7 Extraction by fatty substances

This enfleurage technique is used in the extraction of EO from flowers, fragile
parts of plants. It takes the advantage of the fat-soluble odorous components of plants
in fatty substances. The principle consists of bringing the flowers into contact with a
fatty substance to saturate it with plant essence (Figure 6). The obtained productisa
floral ointment that is then exhausted by a solvent, which is eliminated under reduced
pressure [23].

3. Chemical structure of essential oils

The chemical composition of EO can be identified by chromatographic analysis
such as gas chromatography and mass spectrometry (GC/MS) [12]. EO are complex
and variable mixtures of constituents that generally belong to two groups character-
ized by different biogenetic origins, the groups of terpenoids and aromatic compound
derived from phenylpropane, which are much less frequent.

3.1 Terpenoids

Terpenes are formed from n multiples of the CsHg isoprene; they are multicyclic
structures that differ not only in the functional groups but also in the basic structure
of their hydrocarbon skeletons. When n = 2, the terpene corresponds to monoter-
penes (CioHyg),. Monoterpenes and their derivatives are therefore linear chains or
cycles formed from two isoprene units.

3.1.1 Monoterpenes

Carbides are almost always present. They are acyclic, monocyclic, or bicyclic. They
sometimes constitute more than 90% of the essential oil (Figure 7).
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I

| @ OH
P

Figure 7.

Acyclic (myrcene) and monocyclic (thymol) monoterpene [3].

3.1.2 Sesquiterpenes

They consist of 3 isoprene units. Chain elongation increases the number of pos-
sible cyclizations (Figure 8).

3.1.3 Other terpenoids

These subgroups contain more than three isoprene units. They are presented as
follows:

* 4 isoprene units: diterpenoids,

* 5isoprene units: sesterterpenoids,

* 6 isoprene units: triterpenoids,

* 8 isoprene units: tetraterpenoids,

* Compounds whose number exceeds 8 isoprene units: polyterpenoids
3.2 Aromatic compounds

Phenylpropane derivatives (C¢—C;) are much less common than the previous ones.
Very frequently, these are allyl and propenylphenols, sometimes aldehydes, character-
istics of certain essential oils, such as that of clove (eugenol). On the other hand, the
safarole is a compound with the chemical formula C¢-C; has been rarely identified in
essential oils composition [24].

3.3 Compounds of various origins

Depending on their mode of extraction, essential oils can contain various aliphatic
compounds, generally of low molecular mass, which can be carried away during

Figure 8.
Sesquiterpene (p-besabolene) [3].
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hydrodistillation, such as carbide, acid (C3 to C10), alcohols, aldehydes (octanal,
decanal), esters, lactones, nitrogen, or sulfur products [25].

4. Biological activities of EO

The biological activity of EOs depends on their chemical compositions and struc-
tures and on the synergistic effects between their major and minor compounds.

4.1 Antioxidant capacity

The antioxidant activity was evaluated, in vitro, by various tests. In this respect,
Louail et al. [26] assessed antioxidant activities of Ammodaucus leucotrichus EO by
measuring by inhibiting the p-carotene bleaching. The value of the essential oils
showed a better antioxidant activity when compared to ascorbic acid, used as refer-
ence antioxidant molecule. In another experiments, Selmi et al. [13], Aloui et al. [27],
and Jedidi et al. [28] assessed the antioxidant activities of essential oils obtained from
aerial parts of Junepeus phoenicea, Pinus halepensis, and Rosmarinus officinalis, using
2, 2-diphenyl-1-picrylhydrazyl (DPPH’) and 2,2'-azino-bis [3-ethylbenzthiazoline-
6-sulphonic acid] (ABTS) tests. Essential oils of the four species exhibited strong
antioxidant abilities to reduce the studied radicals. It has been demonstared that
1,8-cineole, a-pinene and camphor have the dominant components of the EO of a
few commercial species. These identified molecules are powerful scavengers of free
radicals and therefore responsible for the strong antioxidant activities observed [29].

4.2 Antimicrobial activity

The EO of many species were screened for their antimicrobial activities against dif-
ferent microorganisms, including Gram-positive and Gram-negative bacteria. Essentail
oils exhibited strong inhibitory action against most tested organisms. Furthermore,
the essential oil showed significant antibacterial activity against Gram-negative and
Gram-positive bacteria. It has been shown that Gram (+) bacteria are more sensitive to
essential oils isolated from the species Pinus pinea [27], Ammodaucus leucotrichus [30],
and Rosmarinus officinalis [31]. The authors suggested that this finding can be explained
by the fact that Gram (—) bacteria have hydrophobic lipopolysaccharide in the outer
part of their membranes, which provides effective protection against different agents.

In addition, listerine, which is a solution consisting of thymol and eucalyptol
essential oils, has a high bactericidal activity on microorganisms in saliva and dental
plaque [32].

On the other hand, it also demonstrated that the sesquiterpenoids identified in
the essential oils of Cyperus iria leaves exerted a potential fungicidal action against
Fusarium graminearum [33].

4.3 Anticholinesterase activity

Limonene, a monoterpene isolated from Ammodaucus leucotrichus essential oils,
has been shown to induce high acetylcholinesterase inhibitory activity with an ICs
of about 51.6 ug ml ™ [34]. Additionally, Aazza et al. [29] proved that 1,8-cineole,
a-pinene, and camphor were the dominant components of sage essential oils and were
responsible for strong antiacetylcholinesterase activity.
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5. Medicinal uses
5.1 Antiulcer ptentiel

Essential oils are widely used in the treatment/prevention of digestive pathologies.
Terpenes and phenylpropanoids found in many essential oils have been shown to have
potential for use in peptic ulcer disease [35]. The authors suggested that the anti-ulcer
action is due to bioactive volatile molecules and their mechanisms of action, such as
restoring the activity of antioxidant enzymes and the level of nonenzymatic antioxi-
dants, recovering the level of mediators intracellular, and restorating pH. Essential
oils also exerted an effect against Helicobacter pylori bacteria and improved the gastric
mucosal barrier.

5.2 Antidiabetic capacity

EOs have shown a series of biological properties with health-promoting conduct
in humans. Among the chemical groups that make up essential oils, terpenoids are
characterized by their hypoglycemic effect. These molecules inhibit enzymes respon-
sible for the development of insulin resistance and normalization of plasma glucose and
insulin levels [36]. These bioactive molecules exert an inhibitory effect in the process of
carbohydrate metabolism and prevent the phenomenon of insulin resistance and finally
of the serum glycaemia level [37]. In addition, it has been suggested that triterpenes
have contributed to the treatment of diabetic neuropathy and nephropathy by inhibit-
ing several pathways involved in the diabetes and associated complications [36]. On the
other hand, the Aegle marmelos leaves’ volatile molecules showed strong antidiabetic
activity [38]. In another report, it was demonstared that the antidiabetic effetct of
Lavandula stoechas essential oil is due, partly, to its potent antioxidant properties [39].

5.3 Anti-inflammatory properties

The different compounds of essential oils are also characterized by powerful anti-
inflammatory effects. In this context, Baricevic et al. [40] proved that ursolic acid
isolated from the Salvia officinalis EO was the main component of its anti-inflamma-
tory power. On the other hand, certain terpenoids such as scropolioside like iridoids
have shown potential for anti-inflammatory, hepatoprotective, and wound-healing
activity [41, 42]. Terpenes and terpenoids are promising in the treatment intestinal
inflammatory and have been also shown to display a broad range of biological activi-
ties in various human disease models [43]. Few other volatile terpenes and terpenoids,
mainly monoterpenes, oxygenated terpenes, terpene esters, and sesquiterpenes,
showed anti-inflammatory properties [44]. In addition, the anti-inflammatory effect
of the Ammodaucus leucotrichus fruits’ EOs has been demonstrated by the evaluation
of the antiedematogenic response of essential oils in Carrageenan-induced hind paw
edema in animal model [45].

5.4 Anticancer activity

In vitro, certain terpenoids isolated from the roots of Salvia officinalis exerted a
protective effect against cellular and DNA damage during human carcinomas. On the
other hand, the a-humulene, a sesquiterpene compound identified in officinal sage
essentail oils, demonstrated strong cytotoxic activity in human prostate carcinoma
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cells. Trans-caryophyllene, isolated from Salvia officinalis, also exerted high cyto-
toxic activity against renal cell carcinoma cells [46, 47]. In addition, research work
conducted by Li et al. [48] showed that natural bicyclic sesquiterpenes exhibited
potential anticancer activity.

5.5 Hepato-nephroprotective effect

Volatile compounds are known for their hepato-hepato-nephroprotective actions.
In this regard, Fahmy et al. [49] evaluated, on animal model, the potential effect of
essential oils extracted from sage plant against carbon tetrachloride (CCl4)-induced
hepato/renal toxicities. This study confirmed that Salvia officinalis essential oils
(SOEO) represent a potential candidate to reverse CCL;-associated hepato/renal dam-
age. This effect may occur via an antioxidant defense mechanism that is partly related
to the complexity of its chemical constituents.

6. Beneficial nutritional effects of EO
6.1 1In broiler chickens

EOs are natural bioactive molecules that can be included as alternatives to antibi-
otics during broiler rearing. Results published by Puvaca et al. [50] confirmed that
these compounds have beneficial effects on nutrient digestibility, microbiota, and
gut function. Authors also suggested that EOs have positive effects, but knowledge of
their use in poultry feed is still limited and requires further research.

6.2 In ruminants

EOs could be used as additives in ruminant feed, to modify the activity of micro-
organisms responsible for ruminal fermentations and to improve digestion in small
ruminants.

Essential oils have been shown to exert beneficial effects on ruminal fermenta-
tions. In fact, these molecules are involved in improving the amino acids’ quantity
available for animal’s needs, increasing the volatile fatty acid (VFA) levels, providing
sources of energy for animals, and reducing methane and ammonia emissions [51].
These results are similar to those published by Jedidi et al. [12] and Selmi et al. [13]
who worked on the effect of essential oils from many plants. These authors found
that the inclusion of volatile compounds, at reasonable doses, stimulated parameters
of ruminal fermentation in vitro, such as digestibility of organic matter (DOM),
metabolisable energy (ME), and volatile fatty acids (VFA). In addition, EOs exerted
the decrease in greenhouse gas emissions in a dose-dependent manner. The authors
mentioned that all of these beneficial effects of essential oils are attributed to the
synergistic effects of these components.

In this respect, a mixture of volatile compounds extracted from several aro-
maticplants has been shown to significantly improve food bioavailability. This
beneficial effect exerted by this preparation is due to the changes in the intestinal
ecosystem [52].

In the field of animal production, EOs are mainly used to improve zootechnical
performance, such as growth rate, consumption index (CI), feed intake level, feed
digestibility, and animal health status [53].

12



Phytochemistry, Medicinal Uses, and Beneficial Nutritional Effects of Essential Oils
DOI: http://dx.doi.org/10.5772/intechopen.112696

7. Conclusions

This chapter has shown that monoterpenes, sesquiterpenes and their deriva-
tives, aromatic compound, and compound of various origins are the main chemical
constituents of essential oils identified in plants. Several reports demonstrated that
EOs exhibit a range of pharmacological actions, such as antiulcer, hepato-nephropro-
tective, anti-inflammatory, antidiabetic, antioxidant, antibacterial, antifungal, and
anticholinesterase activities, supporting their traditional uses. In addition, essential
oils exerted beneficial effects on nutrient digestibility and intestinal function in
broilers, improved digestibility parameters in ruminants, as well as decreased NH,*
emissions.

However, further improvements are needed to adjust the doses of inclusion/
administration because misuse can lead to severe human and animal toxicities.
Finally, it is strongly recommended to keep these bioactive molecules well and to keep
them away from children.
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Chapter?2

Essential Qils and Their Bioactive
Molecules: Recent Advances and
New Applications

Guedri Mkaddem Mounira

Abstract

This chapter explores the latest advancements and applications of essential oils,
focusing on evidence-based research and practical insights. Beginning with an
introduction to essential oils’ historical significance, it outlines recent breakthroughs
in research, novel extraction techniques, and advancements in understanding their
chemical composition. New perspectives on essential oil use are explored, including
their potential to promote mental well-being, applications in environmental practices,
and emerging industry trends. The chapter highlights innovative applications, such
as aromatherapy, skincare, and culinary arts. In healthcare, evidence-based applica-
tions and research on antimicrobial properties and pain management are discussed.
Real-world case studies demonstrate essential oils’ impact across various industries.
The chapter also addresses challenges, including safety, ethics, and regulatory con-
siderations. Future research opportunities are identified, emphasizing essential oils’
potential in cutting-edge fields like nanotechnology and biomedicine. In conclusion,
essential oils offer a rich source of health and innovation, bridging traditional knowl-
edge with modern advancements. Their significance in diverse applications invites
further exploration and utilization to unlock their full potential.

Keywords: essential oils, recent advances, applications, research, challenges

1. Introduction

Essential oils have played a captivating and vital role in human history, entwining
nature’s essence with the pursuit of well-being and healing. Derived from aromatic
plants through intricate extraction processes, these precious oils have been prized
for their therapeutic properties and cultural significance since ancient times [1]. In
this chapter, we embark on an enlightening journey to explore the evolving world of
essential oils and their remarkable impact on various aspects of our lives.

Essential oils are volatile, aromatic compounds obtained from different parts of
plants, including flowers, leaves, stems, and roots. These oils are the pure essence
of the plant, capturing its unique fragrance and potent bioactive compounds [2].
Through the ages, essential oils have been revered for their diverse applications,
ranging from medicinal practices and religious rituals to perfumery and culinary arts.
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The ancient civilizations of Egypt, Greece, and China harnessed their therapeutic
properties, recognizing the power of nature in promoting physical and emotional
well-being [3].

Drawing inspiration from our rich historical tapestry, this chapter aims to shed
light on the contemporary understanding and advancements surrounding essential
oils. We delve into the latest scientific research and cutting-edge technologies that
have deepened our comprehension of these natural wonders. Moreover, we explore
novel perspectives that have emerged, unveiling innovative applications that extend
beyond traditional boundaries [4].

This chapter is divided into several sections, each meticulously created to offer
a comprehensive exploration of essential oils in the modern world. We begin by
examining recent advances in essential oil research, uncovering groundbreaking
studies that have unveiled new insights into their chemical composition and extrac-
tion techniques. These discoveries pave the way for exciting possibilities in utilizing
essential oils across various domains.

Next, we delve into new perspectives surrounding essential oil use, focusing on
their potential to foster mental well-being, support sustainable agricultural practices,
and spearhead new trends in the ever-evolving essential oil industry.

In the subsequent sections, we turn our attention to the diverse applications of
essential oils. We explore their role in aromatherapy and skincare, where they are
increasingly recognized for their therapeutic and cosmetic benefits. Additionally, we
venture into the culinary realm, where essential oils infuse dishes with unique and
enticing flavors, redefining gastronomic experiences.

Furthermore, we examine the growing influence of essential oils in healthcare,
where traditional and alternative medicine converge. From antimicrobial properties
to pain management, essential oils are paving the way for complementary therapies
that embrace the synergy of nature and science.

The chapter also highlights real-world applications of essential oils through com-
pelling case studies, illuminating their successful integration across various industries
and contexts. It also addresses challenges surrounding the responsible use of essential
oils, including safety considerations, ethical sourcing, and regulatory aspects.

Lastly, we glimpse into the future, identifying promising research opportunities and
potential for essential oils to revolutionize fields like nanotechnology and biomedicine.

By the chapter’s end, readers will gain a profound appreciation for essential oils’
enduring allure and their boundless potential in shaping the present and transform-
ing the future.

2. Recent advances in essential oil research

The realm of essential oil research has witnessed an extraordinary surge of interest
in recent years, leading to remarkable discoveries and groundbreaking advance-
ments. This section investigates the dynamic landscape of contemporary essential oil
research, highlighting the latest scientific studies, innovative extraction techniques,
and deeper insights into the chemical composition of these nature-derived treasures.

2.1 Overview of recent scientific studies and breakthroughs

Advancements in analytical technologies and an increased focus on natural
remedies have catapulted essential oils into the forefront of scientific investigation.
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S/N  Finding/Advancement Source

1 Identification of New Compounds in essential oils Caamal-Herrera [5]

2 Antimicrobial Activity of Essential Oils Against Drug-Resistant Puvaca et al. [6]; Blejan etal. [7]
Pathogens

3 Anti-Inflammatory and Analgesic Properties De Sousa et al. [8]; Garcia et al. [9]

4 Therapeutic Potential of Essential Oils in Neurological Siva Correra et al. [10]; Johnson and
Disorders Carter [11]

5 Exploration of Sustainable Extraction Techniques for Higher Chemat etal. [12]
Essential Oil Yield

5 Application of Essential Oils in Nanotechnology for Targeted Swain et al. [13]
Drug Delivery

6 Understanding the Molecular and Cellular Mechanisms of De Lavor et al. [14]
Action of Essential Oils

Table 1.

Recent advancements in essential oil research.

Recent studies have sought to unravel the intricate mechanisms underlying their
biological activities and potential therapeutic applications (Table1).

Research on Antimicrobial Properties: Studies exploring the antimicrobial efficacy
of essential oils against bacteria, viruses, and fungi have yielded promising
results. For instance, research by Blejan et al. [6] demonstrated the potent anti-
microbial actions of tea tree oil, oregano oil, and lavender oil, raising possibilities
for novel treatments against drug-resistant pathogens [7].

Neurological Effects and Mood Regulation: Scientific interest in essential oils’
impact on the nervous system has surged, with investigations into their potential
to alleviate stress, anxiety, and depression. Certain oils, like bergamot and frank-
incense, have shown modulating effects on neurotransmitters, shedding light on
their potential role in mental well-being [10, 11].

o Anti-Inflammatory and Analgesic Properties: The anti-inflammatory and analgesic

properties of essential oils have attracted attention in pain management and
inflammatory disorders [8]. However, promising anti-inflammatory effects of

peppermint, eucalyptus, and ginger oils in preclinical models [9].

2.2 Novel extraction methods and technologies

Traditionally, essential oils were obtained through distillation or cold pressing
methods. However, recent advances in extraction technologies have revolution-
ized the efficiency and quality of essential oil production, expanding the scope of
applications.
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temperature and pressure, preserving the delicate aromatic compounds of the
plant material [15].

* Engyme-Assisted Extraction: Enzyme-assisted extraction techniques have emerged
as eco-friendly alternatives. Enzymes facilitate the breakdown of plant cell walls,
enhancing the release of essential oil compounds and increasing extraction

yields [16].

* Microwave-Assisted Extraction (MAE): MAE employs microwave energy to accel-
erate the extraction process, reducing extraction times and energy consumption
while maintaining the integrity of the essential oil constituents [17].

2.3 Advancements in understanding the chemical composition of essential oils

Advancements in analytical techniques, such as gas chromatography-mass
spectrometry (GC-MS) and nuclear magnetic resonance (NMR) spectroscopy, have
provided unprecedented insights into the complex chemical composition of essential
oils.

* Identification of Bioactive Compounds: Researchers have identified numerous
bioactive compounds present in essential oils, such as terpenes, phenols, and
aldehydes. Understanding the roles of these compounds in conferring therapeu-
tic properties has paved the way for targeted applications [18].

* Synergy and Entourage Effect: Studies have highlighted the importance of the
synergy between various components within essential oils. The entourage
effect, where the combined action of multiple compounds enhances therapeutic
efficacy, has been observed in certain oils [19].

In conclusion, recent advances in essential oil research have catapulted these
natural aromatic substances into a realm of scientific exploration, paving the way for
novel applications in various fields. From antimicrobial potential to mental health
support and innovative extraction techniques, essential oils continue to captivate
researchers and enthusiasts alike, forging a path toward a deeper understanding of
their multifaceted properties.

3. Exploring new perspectives in essential oil use
In this section, we embark on a journey to discover the captivating role of essential
oils in enhancing mental well-being, their potential applications in environmental
and agricultural practices, and the exciting emerging trends and opportunities within
the essential oil industry.
3.1 Therole of essential oils in promoting mental well-being and stress reduction
The enchanting scents of essential oils have long been celebrated for their pro-

found impact on mental health and emotional balance. Numerous studies have shown
that inhaling certain essential oils can activate the olfactory system, triggering the
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release of neurochemicals that influence our mood and emotions [20, 21]. Lavender,
for example, has been found to reduce anxiety and promote relaxation [22], while
citrus-based oils like bergamot and sweet orange have uplifting effects on mood

[23, 24].

Moreover, essential oils can be used in aromatherapy, a holistic practice that
involves inhaling or applying oils to the skin to improve psychological and physical
well-being [25]. Aromatherapy has gained popularity as a complementary therapy in
various healthcare settings, such as hospitals, hospices, and wellness centers [26]. Its
stress-reducing and mood-enhancing properties have also been beneficial for manag-
ing stress-related conditions like depression and anxiety [27].

3.2 Potential applications of essential oils in environmental and agricultural
practices

The versatility of essential oils extends beyond their impact on human health;
they also hold great potential in environmental and agricultural practices. Many
essential oils possess natural insecticidal and repellent properties that can be har-
nessed to manage pests in a sustainable manner [28]. For instance, eucalyptus oil has
demonstrated insecticidal effects against several insect species [29]. By incorporating
essential oils into integrated pest management strategies, farmers can reduce reliance
on chemical pesticides, mitigating environmental harm and promoting ecological
balance [30].

Furthermore, some essential oils have shown promise in enhancing soil health and
stimulating plant growth. Studies have indicated that certain oils, such as peppermint
and cinnamon, possess plant growth-promoting properties [31, 32]. Their application
in agriculture can lead to improved crop yields and reduced dependence on synthetic
fertilizers, thereby contributing to sustainable and eco-friendly farming practices.

3.3 Emerging trends and opportunities in the essential oil industry

The essential oil industry has witnessed remarkable growth in recent years,
driven by the increasing demand for natural and holistic approaches to health and
well-being. Entrepreneurs and businesses are capitalizing on this trend by exploring
innovative ways to incorporate essential oils into various products. From skincare and
personal care items to household cleaners and aromatherapy diffusers, essential oils
are finding diverse applications [33].

Advancements in technology and distillation techniques have also contributed
to the growth of the industry. New extraction methods, such as supercritical fluid
extraction and microwave-assisted extraction, are being explored to improve the
efficiency and quality of essential oil production [34, 35].

Additionally, the rise of e-commerce and digital marketing platforms has enabled
small-scale distilleries and artisanal producers to reach a broader customer base,
fostering a more inclusive and competitive market.

As we continue to explore the alluring world of essential oils, it becomes evident
that their impact reaches far beyond the confines of aromas and scents. From pro-
moting mental well-being to revolutionizing environmental practices and driving
industry trends, essential oils stand as a testament to the power of nature’s bounty.
Their potential knows no bounds, and we eagerly await the exciting innovations that

lie ahead.
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4, Essential oils in healthcare

In this section, we explore the multifaceted applications of essential oils in health-
care, ranging from evidence-based practices in traditional and alternative medicine to
their role in antimicrobial treatments and pain management.

4.1 Evidence-based applications in traditional and alternative medicine

Essential oils have been used for therapeutic purposes across cultures and tradi-
tions for centuries. In recent years, scientific research has shed light on the efficacy of
these aromatic wonders in traditional and alternative medicine practices.

A prime example of their effectiveness is in aromatherapy, a complementary
therapy that harnesses the aromatic properties of essential oils to promote healing
and well-being. Several studies have demonstrated the benefits of aromatherapy
in managing anxiety, depression, and stress-related conditions [27]. Furthermore,
aromatherapy has been incorporated into healthcare settings, such as hospitals and
palliative care facilities, to enhance patient comfort and reduce the need for conven-
tional medications [36].

The evidence supporting the use of essential oils in traditional medicine is con-
tinually growing, encouraging further exploration into their therapeutic potential.

4.2 Current research on the antimicrobial properties of essential oils

In the face of growing antimicrobial resistance, essential oils have emerged asa
promising area of research for their potential as natural antimicrobial agents. Many
essential oils exhibit broad-spectrum antimicrobial properties, capable of combating
a wide range of bacteria, viruses, and fungi.

Tea tree oil, for instance, has demonstrated significant antimicrobial effects
against various strains of bacteria and fungi [37]. Oregano oil is also known for its
potent antibacterial and antifungal properties [38].

Current research is focusing on understanding the mechanisms behind these
antimicrobial activities and exploring the potential use of essential oils in developing
alternative treatments to combat infectious diseases. However, it is important to note
that further investigation is required to determine their safety and efficacy for use in
medical settings.

4.3 The role of essential oils in pain management and complementary therapies

Pain management remains a significant challenge in healthcare, and essential oils
have emerged as a complementary approach to address pain and discomfort. The
analgesic and anti-inflammatory properties of certain essential oils offer promising
alternatives to conventional pain medications.

For example, peppermint oil has been found to alleviate headaches and migraines
[39], while lavender oil has been shown to reduce labor pain in pregnant women [40].
In palliative care, essential oils, such as frankincense and chamomile, have been used
to alleviate symptoms and provide comfort to patients with chronic pain and terminal
illnesses [41].

Complementary therapies that incorporate essential oils, such as massage and
aromatherapy, have gained popularity for their ability to reduce pain, enhance relax-
ation, and improve overall well-being [42].
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Figure 1.
Diverse applications of essential oils in modern industries.

As research in this area progresses, essential oils hold the promise of becoming
valuable tools in integrated pain management approaches.

As we delve into the realms of essential oils in healthcare, we are reminded of their
enduring presence in traditional medicine, their potential as antimicrobial warriors,
and their gentle touch in pain management. Through evidence-based practices and
ongoing research, essential oils continue to carve a place in modern healthcare as
aromatic allies in the pursuit of wellness (Figure 1).

5. Case studies: real-world applications

In the captivating world of essential oils, success stories and case studies abound,
showcasing the remarkable impact these aromatic wonders have had across various
industries. In this section, we delve into practical examples of essential oil integra-
tion, highlighting specific success stories that demonstrate the diverse and innovative
applications of these botanical extracts.

5.1 Enhancing wellness in healthcare facilities

Essential oils have found their way into healthcare settings, offering a holistic
approach to patient care and well-being. In a case study conducted at a hospital’s
palliative care unit [41], aromatherapy using essential oils like lavender, chamomile,
and frankincense was implemented to alleviate pain and provide comfort to patients
with chronic conditions. The results demonstrated a significant reduction in reported
pain levels and an improvement in the overall well-being of patients, displaying the
potential of essential oils to enhance the healthcare experience.

5.2 Creating natural and sustainable cleaning solutions

In the commercial and cleaning industry, essential oils have emerged as a viable
alternative to conventional chemical-based products. A case study conducted in a
hotel chain [43] demonstrated the successful implementation of essential oils in
cleaning solutions. Citrus-based oils, such as lemon and orange, were used to create
natural and effective multi-purpose cleaners. This eco-friendly approach not only
reduced the hotel’s environmental footprint but also enhanced the guest experience
by eliminating harsh chemical odors.
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5.3 Revolutionizing personal care and beauty products

The beauty and personal care industry has witnessed a revolution with the inte-
gration of essential oils into various products. In a case study focusing on a natural
skincare brand [44], essential oils like rosehip seed oil and chamomile were used in
the formulation of anti-aging serums and facial oils. The results showed improve-
ments in skin texture and hydration, proving the efficacy of essential oils in promot-
ing healthy and radiant skin.

5.4 Improving productivity and employee well-being in the workplace

In the corporate world, essential oils have been embraced to create a more produc-
tive and stress-free work environment. In a case study conducted at a technology
company [45], diffusers with essential oils like peppermint and eucalyptus were
strategically placed in common areas and workspaces. This implementation resulted
in increased focus and reduced stress levels among employees, ultimately improving
workplace morale and productivity.

5.5 Sustainable agriculture and pest management

The agricultural sector has also reaped the benefits of essential oils in sustainable
pest management. In a case study, focusing on organic farming practices [46], essen-
tial oils like neem oil and thyme oil were integrated into pest control strategies. These
natural alternatives effectively reduced pest infestations and crop damage, promoting
environmentally friendly and economically viable farming practices.

These case studies serve as a testament to the wide-ranging applications of essen-
tial oils, spanning from healthcare to agriculture and beyond. Their integration into
various industries not only displays their versatility but also emphasizes the signifi-
cance of sustainable and natural solutions in today’s world.

6. Addressing challenges in essential oil applications

As the popularity of essential oils continues to soar, so do the challenges associated
with their widespread applications. In this section, we explore the crucial aspects of
potential safety concerns, sustainability and ethical sourcing issues, and the impor-
tance of regulatory considerations and standardization.

6.1 Potential safety concerns and precautions

While essential oils offer numerous benefits, it is essential to recognize that their
concentrated nature can pose safety risks if not used properly. Some essential oils may
cause skin irritation or allergic reactions in certain individuals and others may interact
with medications [47]. To address these concerns, it is crucial to practice responsible
use and adhere to recommended dilution guidelines.

Ingestion of essential oils is a particularly contentious issue, as some oils can be
toxic when taken internally [48]. Professional guidance from trained aromatherapists
or healthcare practitioners is advised before internal use. Additionally, essential oils
should be kept out of reach of children and pets to prevent accidental ingestion or
exposure.
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6.2 Issues related to sustainability and ethical sourcing

The demand for essential oils has led to challenges in sustainability and ethical
sourcing. Some essential oil-producing plants are at risk of overharvesting, endanger-
ing both the plant species and the communities dependent on them for livelihoods
[49]. Unregulated harvesting practices can contribute to deforestation, habitat
destruction, and loss of biodiversity.

To address these issues, sustainable and ethical sourcing practices are becoming
increasingly vital in the essential oil industry. Initiatives such as fair trade partner-
ships, responsible cultivation, and wild-harvesting certifications are essential for
ensuring that essential oils are sourced responsibly and that the ecosystems and
communities involved are protected.

6.3 Regulatory considerations and standardization

The lack of consistent regulations and standardization in the essential oil industry
can be a significant challenge. Different countries and regions may have varying
guidelines regarding the production, labeling, and marketing of essential oils, leading
to confusion among consumers and potential quality issues.

To address this concern, efforts are being made to establish industry standards
and certifications. Organizations such as the International Organization for
Standardization (ISO) and the European Medicines Agency (EMA) are working to
create guidelines for essential oil quality, purity, and safety [47]. Seeking essential
oils from reputable and transparent suppliers who adhere to these standards can help
ensure product integrity and consumer confidence.

As the use of essential oils continues to evolve, it is imperative to address these
challenges to ensure the safety, sustainability, and efficacy of their applications.
Responsible use, ethical sourcing, and adherence to quality standards are crucial steps
toward harnessing the full potential of essential oils while preserving the well-being
of both individuals and the environment.

7. Future directions and research opportunities

In this section, we aim to illuminate the potential for essential oils to shape the
future of various industries and fields, from healthcare and agriculture to nanotech-
nology and beyond. Through a forward-looking lens, we uncover new perspectives
and explore the uncharted territories where essential oils could revolutionize science,
enhance well-being, and inspire transformative applications for generations to come.

7.1 Promising areas for further research and development

* Novel Extraction Techniques: The future of essential oil research lies in exploring
and developing innovative extraction methods. Techniques such as supercritical
fluid extraction (SFE), microwave-assisted extraction (MAE), and ultrasound-
assisted extraction (UAE) have shown promise in enhancing the yield and purity
of essential oils [50, 51].

* Chemical Composition and Standardization: To unlock the full potential of
essential oils, it is crucial to delve deeper into their chemical composition.
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Comprehensive studies on the complete chemical profile of essential oils will aid
in standardization and quality control procedures [52].

Synergistic Effects and Combinations: Investigating the synergistic effects of
combining different essential oils or integrating them with other natural
compounds is an exciting area for future exploration. Understanding these

interactions can lead to the formulation of more potent and tailored therapeutic
blends [53].

Mechanisms of Action: Unraveling the molecular and cellular mechanisms of
action of essential oils is a key research avenue. Studies in this area will shed light
on how essential oils interact with biological systems and pave the way for the
development of new therapies and medicines [53].

Safety and Toxicology: In-depth safety and toxicology studies are essential to
establish evidence-based guidelines for the safe use of essential oils in various
applications. Identifying appropriate dosages and potential adverse effects will
be crucial for ensuring their safe integration into healthcare practices [9].

Bioavailability Enhancement: Enhancing the bioavailability of essential oil
compounds is a promising research direction. Developing innovative encapsula-
tion techniques or novel formulation strategies can optimize the absorption and
distribution of essential oil components within the body [54].

7.2 The potential of essential oils in cutting-edge fields

28

Nanotechnology Applications: Essential oils hold tremendous potential in the field
of nanotechnology. Integrating essential oils into nanocarriers can revolution-
ize targeted drug delivery systems, especially for cancer treatment and chronic
diseases [53].

Biomedicine and Healthcare: The antimicrobial, anti-inflammatory, and anti-
oxidant properties of essential oils offer exciting prospects in biomedicine.
Integrating essential oils as adjunct therapies in conventional medicine could
enhance treatment outcomes and patient well-being [55].

Neurological Disorders: Exploring the effects of essential oils on neurological
disorders, such as Alzheimer’ and Parkinson’s diseases, is a promising area.
Studies suggest that essential oils may improve cognitive function and reduce
neuroinflammation [56].

Antimicrobial Resistance: Essential oils may serve as alternative antimicrobial
agents to combat the global challenge of antimicrobial resistance. Their
potent antimicrobial activity against various pathogens warrants further
investigation [55].

Environmental Applications: Essential oils can play a crucial role in developing
eco-friendly products such as natural pesticides, insect repellents, and cleaning
agents. This research direction aligns with the growing demand for sustainable
and environmentally friendly solutions [57, 58].
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* Food Preservation: Essential oils’ potential as natural preservatives for extending
the shelf life of food products and inhibiting foodborne pathogens holds promise
for the food industry [59, 60].

By focusing on these promising areas for research and displaying the potential of
essential oils in cutting-edge fields, we can pave the way for new discoveries, innova-
tions, and applications that will undoubtedly shape the future of essential oil science
and industry.

8. Conclusion

In this chapter, we have explored the recent advances, new perspectives, and
applications of essential oils, uncovering a myriad of exciting possibilities for their
integration into modern research and practices. Throughout the discussion, several
key findings and insights have emerged, underscoring the immense potential of
essential oils across various domains.

Firstly, we have witnessed the emergence of novel extraction techniques such
as supercritical fluid extraction (SFE), microwave-assisted extraction (MAE), and
ultrasound-assisted extraction (UAE), which hold promise in enhancing the yield and
purity of essential oils [15, 17, 51]. These advancements pave the way for more sus-
tainable and efficient production methods, ensuring the availability of high-quality
essential oils for diverse applications.

Moreover, comprehensive studies on the chemical composition of essential oils
have shed light on their diverse and intricate profiles, allowing for standardization
and quality control measures [18]. This knowledge is vital in ensuring consistent
therapeutic properties and safety, further fueling the growth of essential oils’ integra-
tion into healthcare practices and other industries.

The exploration of synergistic effects and combinations of essential oils
has opened new avenues for developing targeted therapeutic blends [61, 62].
Understanding how essential oils interact with biological systems at the molecular
and cellular levels has provided crucial insights into their mechanisms of action
[63], presenting exciting prospects for the development of novel therapies and
medicines.

As we continue to harness the potential of essential oils, it is essential to address
safety concerns and establish evidence-based guidelines for their use [9]. By doing so,
we can confidently integrate essential oils into diverse applications while ensuring the
well-being of individuals and the environment.

In exploring the future directions and research opportunities, we have identified
cutting-edge fields where essential oils can make a significant impact. Integrating
essential oils with nanotechnology holds the potential to revolutionize targeted
drug delivery, presenting opportunities for more effective and precise treatments
[64]. Additionally, essential oils’ application in biomedicine and healthcare has the
potential to augment conventional therapies, improving patient outcomes and overall
well-being [65, 66].

The prospects of essential oils in neurological disorders, antimicrobial resistance,
environmental applications, and food preservation demonstrate their versatile and
wide-ranging capabilities [56-60]. These applications align with the growing demand
for sustainable and natural solutions, emphasizing the significance of essential oils in
shaping a healthier and more environmentally conscious future.
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In conclusion, essential oils represent a vast reservoir of natural compounds with
extraordinary potential. From ancient traditional uses to cutting-edge scientific appli-
cations, their journey has been one of continuous discovery and innovation. As we
forge ahead in the realm of essential oil research and development, it is evident that
these aromatic extracts will play a pivotal role in modern applications, revolutionizing
various industries and enriching human well-being.

By embracing this fusion of traditional wisdom and modern science, we can
unlock the full potential of essential oils and foster a future where nature’ gifts are
harnessed responsibly for the betterment of society.
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Abstract

Essential oils are organic volatile oils of plant sources consisting of various com-
pounds with numerous medicinal and pharmacological actions of great importance in
other fields. Neurodegenerative diseases are a constellation of conditions depicted by
multifactorial processes, as evident in structural and functional neurodegeneration
that affect diverse brain parts showing similar cellular and molecular etiologies. The
antioxidant properties of essential oils are promising targets in drug discovery to find
the solution to incurable neurodegenerative diseases in terms of prevention, treat-
ment and management. The antioxidants in essential oils encounter barriers in their
delivery to the central nervous system for effective targeted therapy. These barriers
are characterized as limited permeability and solubility, and accumulation of drugs or
molecules to the non-targeted site, among others, render neurodegenerative diseases
incurable. However, nanotechnology and other approaches in drug delivery to the
central nervous system provide promising results in different in vitro and in vivo
studies that indicate controlled drug release, increased bioavailability and efficiency
in treating and managing neurodegenerative disease.

Keywords: essential oils, antioxidant, medicinal, nanotechnology, delivery system,
neurodegenerative disease
1. Introduction

Essential oils (EOs) are invaluable secondary metabolites of complex components
and liquids mixtures obtained from different parts of aromatic plants. EOs obtained

from different plant parts such as the leaves, stem, seed, bark, and root undergo other
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extraction processes: azeotropic distillation or solvent extraction. Hydrodiffusion,
hydrodistillation, and steam distillation extraction, which is a commonly used
method of extraction because it is cheap and easily achievable, is a type of azeotropic
distillation [1]. These EOs are volatile organic compounds and over 300 different such
compounds with a relatively molecular weight below 300 [2]. EOs comprise several
chemical constituents, terpenes and phenylpropanoids, the most constituents of the
EOs in aromatic plants. The metabolic pathways responsible for forming these major
chemical constituents of EOs are methylerythritol, mevalonate and shikimic acid [3].

EOs type, yield, composition or chemistry are determined by different factors.
Notably, plant variety, plant nutrition, harvest season, geographical locations, climate
and seasonal variations, stress factors, and post-harvest handling and storage are
the attributable factors [4]. Naturally, the EOs in plant function to protect the plant
from various attacks of insects, fungi, bacteria and viruses. In addition, EOs tends to
facilitate pollination in plants because of the odor or smell [5].

The importance of EOs must be considered in different fields of cosmetics, food,
and pharmaceutical industries which necessitated and resuscitated the growth of the
EOs market. Globally, the approximate contribution of EOs in terms of market value
is USD 10.3 billion in 2021. The projection of USD 16.0 billion is the offing for the
year 2026 [6] Hence, EOs contribute massively to the GDP because of the awareness
of the health benefits of consuming natural food or products. Generally, the bioactive
component of EOs from medicinal plants contains an armamentarium of antioxidants
that confer an array of potent therapeutic properties. At the same time, the antioxi-
dants contained in EOs have a better safety profile compared to synthetic antioxidants
such as butylated hydroxyanisole (BHA), and butyl hydroxytoluene (BHT), among
others [7]. The suspected toxic or harmful nature of synthetic antioxidants in human
health draws concerns. In addition, natural antioxidants from EOs are very essential
in the food industry preventing rancidity and improving the shelf-life of food prod-
ucts. The use of natural antioxidant from EOs become very sacrosanct with increasing
or growing interest in medicines because many or nearly all diseases conditions finds
their root or are linked to oxidative stress.

Generally, the physiological process allows cell death without resulting in any
pathological state or condition; however, most oxidative cell death and tissue damage
from the overarching effect of excess oxidants or free radicals or reactive oxygen spe-
cies (ROS) beyond the body’s mechanism antioxidants defense system (endogenous
and exogenous) results to oxidative stress. Free radicals or ROS are highly unstable
with a propensity to accept or donate electrons which cause structural and functional
modifications to important cellular biomolecules such as the DNA, protein, lipids,
and carbohydrates that lead to oxidative stress [8, 9].

The resultant effect of oxidative stress is dangerous to human health as envi-
sioned in the occurrence of autoimmune diseases, cardiovascular diseases and heart
attack, cancer, kidney disease, infectious disease, diabetes, and rheumatic diseases,
particularly with more imminent concern in neurodegenerative diseases [10]. The
disturbed homeostasis in oxidative stress conditions forms the basis of the etiology
and pathogenesis of many diseases above. Hence, the right to way go in treating and
managing such conditions is preventing and halting the cause of oxidative stress
that would ultimately prevent or delay pathological changes or alleviate the disease
occurrence.

Given that oxidative stress is associated with the etiology and pathogenesis of
many diseases, eliminating the causes of oxidative stress may prevent or delay patho-
logical changes and reduce the occurrence of diseases. The antioxidant is pivotal to
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ensuring normal homeostasis condition and its actionable characteristics help or
come to bear to prevent, halt and ameliorate free radicals or ROS such as superoxide
anion (O”), per hydroxyl radical (HOO.), hydroxyl radical (HO.) singlet oxygen
(*0%), and hydrogen peroxide (H,0,) that are responsible for oxidative stress.

Antioxidants refer to molecules that fight the imbalances caused by the excess oxi-
dants, free radicals or ROS, thus significantly delaying and preventing the oxidative
damage process and conferring defense mechanism against such oxidative damage
process in cells. ROS prevention, capture, and blockade, as well as the repair processes
that expunge the damaged biomolecules that ROS has initiated, form the basis of the
mechanisms of action of antioxidants in combating oxidative stress [11]. Protective
or defense mechanism offered by both endogenous and exogenous antioxidants help
combat oxidative stress linked to many diseases, particularly neurodegenerative
diseases (NDs).

The etiology and progression of NDs are linked to oxidative stress, among
other vital factors. The neurons of both the central and peripheral systems are
implicated; however, NDs primarily affect neuronal brains. The factors that
make neurons in the brain prone to oxidative stress leading to NDs include high
oxygen demand, increased peroxidation-susceptible lipid membrane-bound cells,
and modest content of antioxidant defense system and related enzymes [12-14].
Till today many researchers have opined that oxidative stress plays a significant
role in different NDs, such as Amyotrophic lateral sclerosis (ALS), Alzheimer’s
disease(AD), Parkinson’s disease (PD), Huntington’s disease (HD), Multiple
sclerosis (MS) [15].

2. Neurodegenerative diseases and their impact

Essentially, the CNS must be protected from oxidative stress, induced majorly
by ROS, with both endogenous and non-endogenous defense systems. The role of
endogenous and exogenous antioxidant systems in CNS has been well-reviewed [15].
For example, endogenous enzymatic antioxidants activity in CNS, the superoxide
dismutase (SOD) reduces oxidative stress, tau hyperphosphorylation and apopto-
sis [16] glutathione peroxidase (GPx) induces neuroprotection and activate ferropto-
sis [17] glutathione synthase (GST) increase the level of GSTa4 for neuroprotection
[18] and glutathione (GSH) a non- enzymatic endogenous antioxidant increase GSH/
GS-SG to prevent neurodegeneration [19].

NDs are a constellation of disease conditions that are often progressive, chronic,
and devastating that affect or induce neurons of the peripheral and central nervous
system to be defective. This results to reduce neurons or loss of their activity and
integrity (protein tangling and aggregation), loss or lack of transmission or com-
munication, and hence cognitive loss, as well as loss or lack of motor and sensory
functions [20-22]. In other words, neurodegeneration indicates both loss of structure
and function of neurons, attributed as the hallmark of most NDs. Although the
genesis of most NDs is not definitive or clear, neurodegeneration and neuroinflam-
mation linked to oxidative stress alter the homeostasis of the CNS with various
aforementioned pathological characteristics associated with NDs. The possible shared
pathophysiology or mechanism of most NDs include oxidative stress, neuroinflam-
mation, autophagy, altered cellular energetics, and calcium overload, among others
are attributed to the pathogenesis of PD, AD, ALS, MS, HD, Friedreich’s ataxia spinal
muscular atrophy, etc.
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3. Essential oils and their antioxidant properties

The innumerable uses or importance of EOs calls for the best and most effi-
cient methods in exploring aromatic plants. The therapeutics and other biological
properties of EOs depend on chemical composition, molecular structure, posi-
tion or location, and stereochemistry of the functional groups inherent in the
molecule. It is crucial to get these various chemical constituents of EOs out of the
aromatic plants well preserved. The method of steam distillation, solvent extrac-
tion, maceration, cold press extraction CO,, and water distillation are employed.
Modern techniques such as supercritical fluid extraction, microwave-assisted
extraction, and ultrasound are more efficient, with greater yield for the composi-
tion of EOs [23, 24]. The vast chemical constituents of EOs have been expressed to
have antioxidant activity. EOs are mainly classified into two structural families of
hydrocarbon skeleton, namely, Phenylpropanoid and terpenoids, both of which
contain an antioxidant phenolic, a principal compound inherent in several EOs
[15]. A few structures of the different chemical components of Eos are given as an
example in Figure 1.

Today, evaluating chemical components or constituents of natural products is
an essential aspect of drug discovery and development. Determining the antioxi-
dant properties of EOs is very important, attributed to the composition of different
constituents. Various methods with their unique properties or mechanism are used
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Figure 1.
Some structures of different important chemical compounds of EOs.
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to determine the antioxidant of EOs. Several scientific works have been done to
evaluate antioxidant properties in vitro and in vivo assays, and many methods,
especially in vitro assay, give reliable results in a short time without using

animals [25]. Different in vitro assays that are commonly used for the determina-
tion of the antioxidant activity of natural products, including EOs are 2,2-DPPH
(2,2-diphenyl-1-picryl-hydrazyl-hydrate) antioxidant compound’s ability to
behave as a hydrogen donor or free radical scavenger, ABTS (2,2'-azinobis-(3-eth-
ylbenzthiazolin-6-sulfonic acid), antioxidant compound stabilize the ABTS
radical cation (ABTS:+) acting as electron transfer, FRAP(Ferric reducing antioxi-
dant power) acting as reductant of ferric tripyridyltriazine complex [26] among

others.

The identification of the components of EOs is done using chromatographic
techniques, and gas chromatography-mass spectrometry (GC-MS) is usually or
majorly employed technique to separate and identify EOs from different sub-
stances. This identification is possible using a unique fragmentation pattern of
each separated component For example, GC-MS was used to identify the chemical
composition of the EOs obtained from six Lamiaceae plants. The results revealed
167 components were identified from the six EOs using GC-MS [4]. Basically, in
the review of the preclinical and clinical studies, the therapeutic potential of EOs
from plants that delineates their biological actions on the CNS is highlighted in

Table 1.
Plant EO Active ingredient more Biological activity
than 20 (%)
Syzygium Clove oil Eugenol (76.8%) GABAA receptor agonist
aromaticum

Boswellia sacra, Bos Frankincense oil

a-Pinene (2-64.7%),

Unknown, but has

wellia freveana a-thujene (0.3-52.4%), synergistic effect
myrcene (1.1-22.4%),
limonene (1.3-20.4%)

Lavandula Lavender oil Linalyl acetate (7.4-44.2%), GABAergic system

angustifolia linalool 11.4-46.7%) interaction Antagonist of
NK-1 receptor inhibiting
release of substance P
reduces peripheral and
central nerve excitability
Inhibition of voltage-gated
calcium channels, reduction
of 5-HT1A receptor
activity, and increased
parasympathetic tone

Cymbopogon Lemongrass oil Citral (26.1%), neral (31.5%) GABAergic system

citratus interaction

Cananga odorata Ylang oil {3-Caryophyllene (26.8%) Activation of ANS and has
effects on the 5-HT and
DAergic system Direct
binding onto CB2R receptor

Cinnamomum Cinnamon oil Transcinnamaldehyde Unknown

verum (71.50%)
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Plant EO Active ingredient more Biological activity
than 20 (%)
Mentha piperita Peppermint oil Menthol (40.7%), iso- Binds to the nicotinic/

menthone (23.4%)

GABAA receptor and
inhibits acetylcholinesterase

Rosmarinus Rosemary oil p-Cymene (44.02%), Improves DA activation and
officinalis linalool (20.5%) 1,8-cineole secretion
(26.54%), a-pinene
(20.14%),
Salvia sclarea Sage oil Campbhor (12.8-21.4%), Acetylcholinesterase
a-thujone (17.2-274%), 1-8, inhibition
cineole (11.9-26.9%),
Santalum Sandalwood oil a-santalol (34.5-40.4%) and Acetylcholinesterase
paniculatum B-santalol (16-24.10%) inhibition
Eucalyptus globulus 1,8-cineole (49.07-83.59%), Acetylcholinesterase
a-pinene (1.27-26.35%) inhibition

This is adapted and modified [24].

Table 1.

Summary of biological actions of some EOs antioxidant constituents on the CNS.

4. The potential of essential oils in neurodegenerative disease treatment

Considering the improved life expectancy, NDs are undoubtedly debilitating con-
ditions affecting older populations or people. Because NDs remain incurable, efforts
towards discovering and developing molecules with preventive and neuroprotective
potential of neurodegeneration are important. EOs effectiveness and their respective
antioxidant components are never in doubt in age-related NDs as they can halt OS.
The neuroprotective and anti-aging characteristics of EOs have been explored in
many kinds of research, having been adjudged as relatively non-toxic compared with
other conventional therapy of NDs [27-29]. Efforts have been made in this chapter to
majorly review various in vitro and in vivo studies using EOs as preferred candidates
for managing and treating NDS in particular AD, PD, ALS and HD in Table 2.

NDs Sources of the EOs Major constituent of Findings References
the EOs
AD (in Ajuga chamaecistus Spathulenol (18.0%), | Acetylcholinesterase [30]
Vitro) subsp scoparia thymol (15.1%), octen- and butylcholestrase
(Boiss.) Rech.f 3-0l (14.3%) and linalool activities
oxide (11.2%).
AD (in Allium tuncelianum Diallyl disulfide (49.8%), | Lipid peroxidation [31]
iitro) (Amaryllidaceae) diallyl trisulfide (27.9%) activity and
and allyl methyl acetylcholestrase
trisulfide and butylcholestrase
activities
AD (in Artemisia a-humulene (46.3%), | Acetylcholestrase [32]
witro) macvocephala (B-caryophyllene (9.3%), activities

a-copaene (8.2%),
B-myrcene (4.3%), Z(E)-
a-farnesene (3.7%), and
calarene (3.5%)
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NDs Sources of the EOs Major constituent of Findings References
the EOs
AD (in Artemisia o-humulene (46.3%), | Acetylcholestrase [33]
ivitro) maderaspatana pB-caryophyllene (9.3%), activities
a-copaene (8.2%),
B-myrcene
(4.3%), Z(E)-
a-farnesene (3.7%), and
calarene (3.5%)
AD (in Boswellia dalzielii 3-carene (27.72%) and | Acetylcholestrase [34]
witro) a-pinene (15.18%). activities and
2,5-Dihydroxy inflammation properties
acetophenone and
B-D-xylopyranose
AD (in Daucus aristidis Coss Contain majorly | Acetylcholestrase [35]
itro) a-pinene (49-74.1%) and and butylcholestrase
B-pinene (19.2-11.9%). activities
AD (in Panax ginseng Spathulenol (8.82%), | Acetylcholestrase, [36]
ivitro) Panax japonicas bicyclogermacrene butylcholestrase and
P, notoginseng (6.23%), B-elemene B-Secretase activities.
P, quinquefolius (3.94%), and
o-humulene (3.69%
AD (in Lavandula — | Acetylcholestrase [37]
vivo) angustifolia mill. activity and MDA level,
1SOD and GPx activities.
Neuroprotective effect.
AD (in Lavandula — 1 SOD and GPx [38]
vivo) angustifolia Mill. activities, | MDA level,
Tsynapse plasticity-
related proteins,
calcium-calmodulin-
dependent protein kinase
11 (CaMKII), p-CaMKII,
BDNF, and TrkB
AD (in Lavandula luisieri — | BACE-1is an aspartic [39]
vivo) protease involved in the
conversion of amyloid
precursor protein (APP)
to Ap.
AD (in Salviae aetheroleum — 1 Antioxidant enzymes [40]
vivo) activity. Thus, prevent
neurodegeneration.
AD (in  SHXW — 1 A/31-42 induced [41]
vivo) memory impairment
and suppressed A/31-42
induced JNK, p38 and
Tau phosphorylation
PD (in Eryngium sp. (E)-caryophyllene | MAO activity [41]
witro) (4.9-10.8%), germacrene

D (0.6-35.1%),
bicyclogermacrene
(10.4-17.2), spathulenol
(0.4-36.0%), and
globulol (1.4-18.6%) are
major compounds.
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NDs Sources of the EOs Major constituent of Findings References
the EOs
PD (in Cinnamomum verum — 1 Cell viability | ROS [42]
ivitro) Cinnamomum cassia and apoptosis. Hence,
neuroprotection
PD (in Cuminum cyminum Cuminaldehyde 1 Cell viability |a-SN [43]
iitro) fibrillation
PD (in Eplingiella fruticosa B-caryophyllene, | Catalepsy and [44]
ivivo) bicyclogermacrene and decreased membrane
1,8-cineole lipid peroxides levels
PD (in Acorus tatarinowii — ¢ mRNA levels of GRP78 [45]
nvivo) Schott (Shi Chang and CHOP, | expressions
Pu) of phosphorylated IER1
(p-IRE1) and XBP1
PD (in Pulicaria undulata Carvotanacetone 1 Dopamine, ATP levels [46]
invivo) and glutathione striatal

contents. | Striatal
interleukin-1p (IL-1/B),
tumor necrosis factor-o
(TNF-a), and inducible
nitric oxide synthase
(iNOS) and MDA

PD (in SHXW 1 Dopaminergic neurons [47]
invivo) and dopamine levels, 1
Phosphorylation levels of
cAMP-response element-
binding protein

Note: 1 Improved/increased.
A Decreased/inhibited.

Table 2.
The biological activities of EOs on selected NDs.

5. New delivery applications for essential oils

Till date, NDs are incurable despite many scientific efforts in drug discovery
and development in NDs. Most drugs discovered successfully treat the symptoms
without curing the pathogenesis or root cause of the NDs with their attendant tox-
icities or side effects. Hence, in NDs, most molecules are for managing the condi-
tions and are not curative. Antioxidants are adjudged safe that serve as very potent
and effective molecules to many diseases by abrogating oxidative stress implicated
in most disorders.

NDs most especially affect neurons of the CNS and the brain. The nature of the
architecture of the CNS accounts for the innumerable hindrances to drug delivery
for effective actions. The blood-brain barrier (BBB) limits the permeability and
solubility of antioxidant molecules [48]; hence the antioxidant cannot reach the target
CNS. In addition, antioxidants are sometimes unstable and prone to gastrointestinal
degradation [14, 49]. The BBB of the brain function as the structure that controls the
movement of substances (regulatory role) in the neural microenvironment. This is
the interface between the blood and neural tissue, bringing about regulation [48].
Different lines of evidence suggest that BBB breakdown contributes to the pathogen-
esis of NDs such as ALS, MS, PD, AD, etc. This is because BBB is highly sensitive to
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OS-induced damage and distortion evident in physiological factors like neural aging,
vascular disorder, molecular irregularities and anatomical pathologies [13].

The important aspect or standard for drugs or molecules is ensuring a delivery
system that will circumvent the mentioned hindrances and hence promote potency,
stability, specificity and safety. However, the BB is the main obstacle of CNS targeted
therapies in NDs, which is addressed primarily through technology. Nanotechnology
is an emerging and highly innovative field with tremendous potential in different
areas, such as pharmaceuticals and medicine, thanks to distinctive physical and
chemical features, such as minimal size and functionalized surface characteristics
of materials [50, 51]. Nanomaterials are used in nanotechnology, which have unique
physical, chemical, and biological properties due to their nanoscale dimensions
(typically between 1 and 100 nm). These materials come in different sizes, shapes,
compositions, surface chemical features, and hollow or solid structures, which can
be adjusted to produce optical, electronic, magnetic, and biological characteristics
suitable for their applications. The advantage of this nanotechnology is that it made
possible the interaction of specific molecules or cellular targets by creating an excel-
lent drug delivery system and hence targeted treatments, especially in ND condi-
tions. This drug delivery system permits concerted multifunctional qualities such as
bioactivity, targeting, imaging capabilities and gene delivery. Based on these charac-
teristics, nanotechnology in drug delivery systems is now widely accepted.

The neuroprotective properties of EOs are attributed to their unique anti-free
radical and antioxidant properties, as revealed in past research or studies. The
improvement of cholinergic neuron deterioration that is eminent in most NDs condi
tions using EOs containing antioxidants improves cognitive function and prevents
brain damage. Thus, these improved mental functions are evident in memory,
attention span, planning, decision-making, judgments, speech and overall coordina-
tion [52]. EOs quickly find their way across the BBB, reaching the CNS after systemic
absorption and could bring some neurological intoxications. Some molecules though
lipophilic (solubility) in nature, show very poor permeability across the BBB, result-
ing from the active efflux mechanism in the membranes of BBB. There could be
instances of improved drug accumulation that are non-target sites specific, although
there is improved or increased lipid solubility in the BBB [53, 54]. Additionally, the
exposure of molecules bound across the cerebral endothelial membrane to degrading
enzymes [54], recognition of neuropeptide and their quick degradation by BBB itself
and the reinforcement of high amount concentrations of P-glycoproteins (Pgp) that
remove or prevent a range of molecules from passing across brain parenchyma [55,
56] are recognized barriers to CNS drug delivery.

Over the years, many enhanced strategies for enhanced CNS drug delivery have
been developed. These strategies involve pharmaceutical manipulation, BBB disrup-
tion and other methods using nanocarriers, which would help transport molecules to
target sites in the brain. Some strategies are viral vectors, polymeric nanoparticles,
liposomes, dendrimers, micelles, carbon nanotubes, carbon dots and carbon nano-
onions, which have been exhaustively reviewed [56]. These approaches increase
therapeutic responses of natural products, including EOs, with overall effective-
ness in the treatment and management by increasing bioavailability and ensuring
effectiveness. For example, circumventing or overcoming BBB in NDs treatments
is achievable through a nanoparticles-mediated brain drug delivery approach, as
revealed in AD and HD [57-59].

Over the years, increasingly published works suggest the importance of EOs and
drug delivery systems in medicine, food and pharmaceuticals. Although different
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applications could be adopted, this chapter focuses on the strategy of encapsulat-

ing EOs. The encapsulation is advantageous, which helps to overcome the fragility
and volatility, enzymatic reactions, and preserve the biological activity that confers
increased activity and decreased toxicity. The overall effect of the encapsulation EOs
in drug delivery systems would be the avenue for controlled drug release, increased
bioavailability and efficiency [60]. The vesicular and nanoparticles lipid-based deliv-
ery formulations vis a vis micro- and nanoemulsion, liposomes, solid lipid nanoparti-
cles (SLN), and nanostructured lipid carriers approaches have unique characteristics.

6. Conclusion

EOs are natural products with diverse biological importance in different fields due
to the inherent chemical constituents or components. The crux of this chapter is the
antioxidant properties of EOs immensely contribute to the prevention, treatment and
management of NDs. The multiple mechanisms of action of EOs antioxidants match
or counter the multifactorial processes such as oxidative stress, neuroinflammation,
excitotoxicity and others involved in NDs pathology. Although attaining the most effec-
tive therapeutics is essential, the CNS’s molecule or drug delivery barrier is a significant
concern in treating and managing NDs. Many approaches using modern technology
supported by research evidence, no doubt, have tremendously contributed to finding
near or total solutions to incurable NDS. Therefore, effort must be channeled towards
discovering and developing novel EOs and drug delivery systems through innovative and
holistic research and collaboration towards finding lasting solutions to NDs.
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Chapter 4

Methods for Evaluating the In Vivo
Analgesic and Anti-Inflammatory
Activity of Essential Oils
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Abstract

Essential oils (EOs) are products of the secondary metabolism of plants, and the
constituents are mainly monoterpenes and sesquiterpenes of formula general (CsHg)n.
The beneficial effects of the volatile compounds of essential oils have been used for a
very long time by ancient civilizations to treat common pathologies. Today, so-called
natural medicines are enjoying growing success with the public. Numerous studies
have demonstrated that the essential oil has significant potential as antibacterial,
antifungal, antioxidant, antidiabetic and painkiller agents. The use of animals is
widespread in biomedical research and pain studies are no exception. Since experi-
mentation on human subjects must be limited to moderate stimuli that do not cause
injury or disease, the researchers turned to animals to find answers to their questions.
Several methods have been used for the evaluation of the anti-inflammatory activity
of medicinal plant extracts, and most of the tests used to evaluate pain and inflamma-
tion in animal experiments involve inducing pain in animals with different agents.

Keywords: essential oil, medicinal plants, animal experimentation, nociception,
rodents, analgesic activity, anti-inflammatory activity

1. Introduction

Definitely, pain has been defined by the International Association for the Study
of Pain (IASP, 1979) as an ‘unpleasant sensory and emotional experience related to
actual, potential, or described tissue damage by the patient’ [1, 2]. Typically, it is
triggered by noxious stimuli and transmitted via specialised neural networks to the
central nervous system (CNS), where it is interpreted as such. It is also a way of pro-
tecting the body [3]. In this regard, pain and inflammation remain the most impor-
tant and devastating health problems, affecting 80% of the world’s population [4].
They are considered a major environmental health problem, affecting all countries.
[5]. Further, untreated, persistent and prolonged pain is the most common problem,
causing both physical damage and psychological distress [6]. Likewise, pain can be
caused by a variety of factors, inclusive of injury, illness and psychological factors [3].
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More to the point, the mechanisms of pain and inflammation, together with the
modes of action of treatments, have shown to be numerous and complex. Some are
still little known. Thus, treatments, classified into three levels (non-opioid, weak
opioid and strong opioid), are often combined and provide relief for a large propor-
tion of patients [7]. In this regard, analgesics or painkillers are designed to reduce or
abolish painful sensations without causing loss of consciousness or suppressing other
sensitivities [8]. Likewise, anti-inflammatory medicines are symptomatic drugs that
do not act on the cause. They are indicated when inflammation, a normal process of
defence against aggression, becomes bothersome, particularly because of pain [9].

In virtue of which, they are very widely used in a large number of diseases and more
specifically in the presence of inflammation, the same as in rheumatology [3].

More and more, alternative therapies are unconventional methods of pain relief
that do not involve drugs or surgery. Alternative therapies include acupuncture,
massage therapy and chiropractic care. Hence, these therapies are often used in
conjunction with traditional medical treatments [3]. Traditional medicine has strong
cultural roots, with many plants used to treat pain. This ancestral knowledge can be
regarded as a source of inspiration for finding numerous active ingredients and as a
consequence enabling therapeutic innovation in the management of pain and inflam-
mation [10].

2. Essential oils

The active molecules, involved in plant defence mechanisms, are derived from sec-
ondary metabolism. Besides, they are not directly involved in plant growth but have
evolved to provide natural protection against attacks by microbes or insects [11].
Above and beyond, some of such secondary metabolites are concentrated in the oil
sacs, which are essential oil-secreting pockets [12]. In consequence, exploring essen-
tial oils for molecules with biological activity seems to be an interesting avenue.

2.1 Definition

The eighth edition of the French Pharmacopoeia defines EOs as ‘products of
generally fairly complex composition containing volatile products contained in
plants and more or less modified during preparation’. There are various processes for
extracting these volatile principles. At the time, EOs were also referred to as ‘essences’
or ‘volatile oils’ Since the ninth edition (1972), the Pharmacopoeia now only uses
the term ‘essential oil’ [13-15]. Additionally, essential oils have shown to be complex
natural mixtures of volatile secondary metabolites, isolated from plants by hydrodis-
tillation or mechanical expression [16]; they are obtained from leaves, seeds, buds,
flowers, twigs, herbs, bark, wood, roots or fruit, but alike from the gums that run off
the trunks of trees. Above and beyond, hydrodistillation is still the most widely used
method of producing essential oils, in particular for commercial purposes [17]. In
addition, secondary metabolites are extracted from plants by steam distillation. The
volume of essential oil recovered depends on the distillation yield, which varies for
the same plant depending on the season [18]. Likewise, essential oils can be obtained
by cold expression, as in the case of citrus fruits. New techniques have been developed
to increase production yields, in respect such as extraction using liquid carbon diox-
ide at low temperature and high pressure [19] or extraction assisted by ultrasound or
microwaves [20].
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2.2 Chemical composition of essential oils

Contrary to what might be suggested by its name, a pure and natural essential oil
does not contain any fats. It is made up of molecules with a carbon skeleton. As well,
essential oils represent complex mixtures that may contain more than 300 different
compounds [21-24]. In virtue of which, such compounds are volatile molecules, the
vast majority of which belong to the terpene family. Only the most volatile terpenes,
that is. those whose molecular weight is not too high, are used [23]. Terpene com-
pounds are products of secondary metabolism. There are mainly monoterpenes (Cy)
and sesquiterpenes (Cys). Several thousand compounds have been described and
have shown to be classified according to their number of rings (acyclic, mono- and
bicyclic compounds) together with the nature of the functions they carry (alcohols,
aldehydes, ketones, ether-oxides) [25].

2.3 Physico-chemical properties of essential oils

In general, essential Oils are colourless or pale yellow in their liquid state at
ordinary temperatures. However, all EOs are volatile, fragrant and flammable; their
specific gravity is usually less than one [26]. Only three officinal EOs have a specific
gravity greater than that of water: cinnamon, clove and sassafras. They are sparingly
soluble in water, soluble in alcohols and in most organic solvents. They are alterable
and are very sensitive to oxidation [27].

Essential oils share organoleptic properties (characteristics of a substance that can be
perceived by the sense organs: flavour, odour, appearance and consistency of the object)
such as being liquid at room temperature, volatile and water vapour permeable [28].

Modern scientific work has made it possible to better understand the essences and
to precisely define their different constituents and their physico-chemical characteris-
tics, revealing the principle of their long-known therapeutic action. The physiological
role of essential oils in the herb kingdom remains unknown. However, the molecular
diversity of the metabolites they contain endows them with a wide range of biological
roles. Additionally, several essential oils, such as cinnamon, cayenne pepper, bay leaf
and oregano oils, have antioxidant properties [29, 30].

An anti-inflammatory effect has been described for essential oils of citrus culti-
vars. The results suggest that C. japonica and C. maxima are promising candidates for
relieving inflammatory diseases. These research findings provide the scientific basis
for using essential oils from citrus cultivars to reduce inflammatory symptoms [31].
Above and beyond, the antifungal activities of numerous essential oils, including
thyme, citronella, cinnamon and tea tree oils [17], have been described. The efficacy
of oils extracted from yarrow, Achillea fragrantissima [32] and A. milefolium [33]
against the pathogenic yeast Candida albicans, has also been demonstrated.

Certain essential oils have anti-tumour activity and are used in the preventive
treatment of certain types of cancer. The essential oil, isolated from the seeds of
Nigella sativa L., demonstrates cytotoxic activity iz vitro against various tumour cell
lines. In vivo, it limits the proliferation of liver metastases and delays the death of mice
that have developed the p815 tumour [34].

2.4 Analgesic and anti-inflammatory activity of essential oils

A number of pain-relieving essential oils can help us to overcome certain ailments,
in respect such as dental pain, headaches or chronic inflammation. The essential oils
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presented below can effectively be used to fight pain. Most of them have analgesic,
analgesic and anaesthetic mechanisms of action. Lemon eucalyptus essential oil acts
as an anti-inflammatory thanks to its citronellal content of over 65%, which helps

to relieve pain. Clove essential oil is one of the ultimate pain-relieving essential oils.
Besides, its eugenol content of over 80% gives it formidable analgesic properties. It

is recommended for relieving dental pain, and peppermint essential oil has multiple
properties that provide fast and effective pain relief. Firstly, it acts as a local analgesic
not only thanks to its menthol content but also as a mild anaesthetic [35].

The bioactive constituents of essential oil extracted from many medicinal plants
were known to provide protection against prolonged inflammation and improve the
health of mortals. In this regard, the anti-inflammatory properties of these plants are
of immense importance to the drug discovery process [36, 37]. Specifically, lavender
essential oil has been shown to inhibit inflammation by inhibiting the nascence of
TNF (tumour necrosis factor) and NF-kB (nuclear factor kappa-light chain enhancer
of activated B cells) in the murine brain and human umbilical vein endothelial cells.
[38]. Linalool and cinnamaldehyde present in native cinnamon leaf essential oil were
found to be anti-inflammatory against endotoxin introduced into mice [39].

3. Experimental animals

Healthy adult Swiss albino mice of both sexes (20 to 35 g and 6 to 8 weeks old) are
used for testing. All mice are fed commercial pellets and must have access to water
ad libitum, alternately. Mice must be acclimated one week before experience in all
procedures to minimise stress. All mice used in studies should be handled according to
internationally accepted standard guidelines for the use of laboratory animals [39, 40].

4, Extraction of essential oils

Essential oils can be extracted by methods of steam distillation, steam and water
utilised strategies to isolate these aromatic essences [41]. The best extraction method
will undoubtedly be one which does not use any solvent, generates no residual waste
and requires no energy to process it. Obviously, there is no other solvent more ideal
than water on plants. It is available, recyclable and non-toxic. Water is already widely
used in the extraction of essential oils by steam distillation [42].

5. Acute toxicity test

Characteristically, in the presence of an unknown substance, the first step in the
search for pharmacological activity begins with a toxicological study and in particu-
lar, the evaluation of the lethal dose 50 (LD 50), that is. the dose, which causes the
mortality of 50% of the animals. In virtue of which, increasing doses of extracts are
administered to rats and mice until mortality is achieved. Although this technique
is highly controversial from an ethical point of view, it nevertheless provides high-
quality information:

1. Firstly, it determines the toxicity of the substance and the therapeutic margin; in
other words, the ratio between the active dose and the toxic dose for the animal
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species tested; this is an essential step in the use of any substance for therapeutic
purposes.

2.Observation of the first symptoms of toxicity reveals the target organs; in other
words, those which are preferentially affected by the toxicant; toxicity stands
alike for an excellent criterion for orienting research into pharmacological
activity [41].

More to the point, essential oils are not products that can be used without risk.
Similarly as all natural products, ‘just because it is natural does not mean it is safe for
the body’ [23]. The acute toxicity test for essential oil extracts can quickly be carried
out using the method described by the organisation for economic cooperation and
development (OECD) [43]. This test consists of administering experimental doses
to the animals and monitor them for signs of poisoning, including drooling, convul-
sions, unusual activity, loss of consciousness, coma or even death. These observations
are performed regularly for up to 48 hours [44].

6. Methods used for assessment of the analgesic and anti-inflammatory
activity in vivo

The use of animals is widespread in biomedical research, and pain studies are no
exception. As experiments on human subjects have to be limited to moderate stimuli
that do not cause injury or disease, researchers have turned to animals to find answers
to their questions [45].

Nociception and pain constitute a vast area of neuroscience and medical scientific
research. As we know, the use of animals in scientific research has been contro-
versial since ancient times [46], although these animal models have great merit in
the advancement of biomedical sciences through their important contributions to
our growing understanding pathological and biological processes [47]. Over time,
various tests and models have been developed in rodents to provide fundamental and
translational research tools on this subject; to study pain and try to reduce it, tests
using thermal, mechanical and chemical stimuli, Hyperalgesia and pain measure-
ments, and inflammatory or neuropathic pain models constitute one of the most
important tools available to researchers in this area [48]. Preclinical therapeutic
research should consequently combine pain models with nociceptive tests in order to
be more relevant [49].

6.1 Methods used to study the analgesic activity ir vivo

Most of the tests used to assess pain in animal experimentation involve inducing
pain in animals using different agents [50]. Further, the tests are grouped around
three basic types of pain: thermal nociception, chemical nociception and mechanical
nociception. Nevertheless, in the following figure, we describe and critically analyse
the most commonly used behavioural tests of nociception in animals (Figure 1) [49].

6.1.1 Thermal nociception

In mammalian nociceptors, noxious heat above 40°C activates thermosensitive
C fibres and heat above 52°C activates A fibres [51]. In addition, tests measuring
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Figure 1.

A. A number of original articles published between 1970 and 1999 in which vesearchers used one of the five most
common pain sensation tests, B. The relative proportions of these categories of articles appearing during the year
1999 (based on Medline) [49].

the nociceptive response to heat can be used experimentally in both rats and mice.
Likewise, the stimulus can stop automatically when the animal responds [48, 49].
The animal is placed inside the heating plate and waited a few moments for it to react
to the pain. The mouse must be recovered immediately after observing its response
to the experiment to avoid any risk of burns. We can do the same experiment and
repeat it several times to check the values, but this is often observed in some labora-
tory animals, either stress or habit of the protocol gives us different values. Repeating
measurements for the same mouse may lead to different results. [49, 50]. There are
also some limitations to this test, repeated measurements lead to learning phenom-
ena, and these lead to variations in reaction latency [52].

When we touch something too hot or too cold, our senses translate this into a
sensation of pain. If you put your hand in a fire, the resulting burning sensation will
cause your body to move your hand away as quickly as possible. Feeling pain is actu-
ally proof that your body is working hard to keep you safe. So, losing the ability to do
that means you find yourself in real trouble.

The hot plate and tail-flick tests measure an animal’s ability to consciously remove
a part of its body from a heat source, and they all test the ability to an animal to feel
and respond to a certain degree of painful stimulation [52].

6.1.1.1 Tail withdrawal test, D’Amour and Smith test or Tail-flick test

It stands for a simple method that measures a spinal nociceptive reflex. The
tail-flick test includes two types that are superficially similar but physically very
different [53]. The first consists of immersing the animal’s tail in water at a certain
temperature. The second type involves applying radiant heat to a specific small
area of the tail. More to the point, the surfaces stimulated can be very different.

In fact of matter, it is surprising that authors generally consider these two tests to
be equivalent [49]. The time taken for the animal to withdraw its tail is measured
[49, 54]. Besides, to minimise the risk of tissue trauma due to exposure to heat,

a time limit such as 10 seconds is set, at which point the animal is removed from
the test [52].
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6.1.1.2 Hot plate test

The hot plate method relies on measuring latency to assess skin sensitivity to pain.
The response to pain usually involves licking the area to relieve the pain, shaking or
immediately jumping off the hot plate [53]. Definitely, the hot plate is an open cylin-
drical space, the base of which is a heatable metal plate. The mouse is placed inside
the plate that is preheated to a constant temperature. The animal is monitored and the
response time to any type of behaviour is measured, namely paw licking and jumping.
Both are considered to be integrated supraspinal responses [49, 53].

The aim was to verify the ability of the products tested to protect the animal
against thermal pain. The extracts were administered either through oral or peri-
toneal way. The animal is placed on a heated metal plate maintained at between 52
and 55°C (Figure 2). The latency time for the appearance of behavioural responses is
measured, with the animal licking itself, shaking its legs and/or jumping [55].

6.1.2 Chemical nociception

Chemical nociception refers to a nociceptive neuron that expresses receptors
capable of detecting noxious, irritating or harmful chemicals [56, 57].

Chemociception, the detection of tissue-damaging chemicals, is important in
protecting organisms from tissue damage. The ability of sensory neurons to detect
potentially harmful chemicals is based on the activation of pain receptors in various
animals with irritating chemical compounds. The ability of nociceptors to detect a vari-
ety of seemingly unrelated chemicals was mysterious until it was discovered that the
nociceptor-specific TRPA1 ion channel (the transient receptor potential cation channel
(TRP) family of receptors) could be activated by many of these chemicals [51, 56, 57].

6.1.2.1 Formalin test

Subcutaneous or intra-plantar injection of formalin into the paw of rats or mice.
The time the animal spends licking and biting its paw is measured [58].

Figure 2.
The hot plate test: Latency of hind paw pain response is licking and shaking or jumping.
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6.1.2.2 Abdominal contraction test, Koster test or Writhing test

The intraperitoneal administration of serosal irritants causes highly stereo-
typed behaviour in mice and rats [59]. We notice a decrease in the animal’s motor
activity, a lack of motor coordination, twisting of the dorsal abdominal muscles,
abdominal contractions and the entire body (especially the hind legs), (Figure 3).
The test goes by several names, including the abdominal torsion test, abdomi-
nal contraction response or stretch test, but it is more commonly known as the
‘torsion test’ [49].

In fact, the torsion test is a chemical method used to induce peripheral pain by inject-
ing irritants, such as phenylquinone or acetic acid into mice. Further, the low frequency
of contortions makes it possible to deduce the potency and analgesic activity of the
active substance. Manifestations of abdominal torsion in mice were first reported by
Siegmund etal. [60], as an arching of the back, extension of the hind limbs and contrac-
tion of the abdominal muscles [61]. Likewise, the number of abdominal contractions
and body stretches are measured [49, 55, 59, 62, 63]. Hence, these methods have the
advantage of being able to demonstrate the effects produced by weak analgesics [64].

6.1.3 Mechanical nociception

Provide responses to stimuli of excessive pressure or mechanical deformation, as
well as to breaks in the skin surface (cuts, incisions). These nociceptors, which are
often polymodal, have shown to be sensitive to both mechanical deformations and
thermal stimuli [56].

6.1.3.1 Von Frey filaments

The von Frey test is a test of touch sensitivity using von Frey filaments, which
can vary in diameter. It is considered the most important test and is almost the
only mechanical test that can be used reliably not only in rats but also in mice. In
rodents, they are mostly used on the plantar surface, while the animal is on a grid.
The expected response is withdrawal of the paw. Rodents exhibit a withdrawal reflex
when their paw is touched unexpectedly, indicating the degree of their sensitivity.
Filaments of different calibres are applied [52, 64]. The von Frey test allows the

Figure 3.
Writhing test: The behaviour is descvibed as the paw stvetch and contraction of the abdominal muscles.
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response of the two hind legs to be differentiated, and the threshold values are stable
over time, allowing repeated measurements [50, 64]. The animal’s withdrawal thresh-
old is measured in relation to the force exerted by the filament. Mechanical sensitivity
test [45, 55, 64]. The von Frey bristles are nylon monofilaments, or von Frey bristles
are nylon monofilaments or stiff metal bristles that exert precise levels of force when
pressed against the skin. They can be used to measure mechanical stimulation.

6.1.3.2 Paw pression

The Randall and Selitto test [65] is based on determining the pain threshold
induced by the application of pressure. Using a mechanical stimulator, constant
or, more often, increasing pressure is applied to the animal’s hind limb. The
animal’s behaviour is assessed: it freezes, withdraws its limb and emits cries.
Electromyographic recordings of nociceptive reflexes can alike be made [49].

From all these tests, the tail withdrawal and hot plate tests remain the most
commonly used. On the other hand, it should be noted that the rate of publications
concerning the tail withdrawal, hot plate and torsion tests stabilised in the 1990s. In
contrast, the number of articles based on the formalin test and various tests involving
paw withdrawal from mechanical stimuli was noted to have increased [49].

6.1.4 Facial coding scales

A facial expression is one or more movements of the muscles or skin of the face.
These movements express the emotional state of the individual to an observer.
Therefore, the facial expression of pain can be used as an interesting indicator. If
we can estimate these expressions quantitatively using facial coding criteria, this
will enable the assessment of pain [66], and recent evidence suggests that facial
expressions of pain could alike be used in rodents [67, 68]. Similarly, it is difficult to
assess the internal emotional states of rodents by analysing their facial expression.
Nevertheless, it has already been used, for example, to assess taste/disgust [69]. In
the case of pain expression, the ‘grimace scale’ defined for mice [67] and rats [68]
consists of noting orbital constriction. This grimace scale depends on five facial fea-
tures: orbital narrowing, nose bulge, cheek bulge, ear position and moustache change.
These facial action units have values of 0 (no pain), 1 (mild pain or likely pain) and
2 (severe pain or definitely present) (Figure 4)[68, 70]. This new approach to pain
assessment in rodents could be facilitated by partial automation.

Figure 4.
Examples of visible pain expression on a rat’s face, framed from the database and labelled with the rat grimace
scale [48, 68] (example adapted from the Facial Pain Expression Table for Rats: Sotocinal et al., 2011).
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6.2 Methods used to study the anti-inflammatory activity iz vivo

The inflammatory response is a physiological process of defence of the body
against an attack, which leads to tissue damage. The primary function of the inflam-
matory response is to eliminate or isolate the attacking agent (bacteria, virus, para-
site, damaged tissue) from the rest of the body and to allow, as quickly as possible,
tissue repair. The inflammatory response is a physiological process of defence of the
body against an attack, which leads to tissue damage. The inflammatory reaction
allows the elimination of the aggressors and ensures the repair of the lesions. It stops
when the attacks disappear [71] and the inflammatory mediators constitute all the
molecules involved in the regulation of the inflammatory process and which activate
and sensitize the nociceptive system. In order to relieve inflammatory pain, the body
often relies on compounds that stimulate the immune response or on inflammatory
mediators themselves [72]. As a consequence, among the tests that are considered a
model of short-term inflammatory pain model is the formalin test.

Several methods have been used to assess the anti-inflammatory activity of
medicinal plant extracts. In virtue of which, we will illustrate some of the methods
used to assess anti-inflammatory activity in vivo:

6.2.1 Carrageenan-induced paw oedema

Definitely, Carrageenan-induced paw oedema is certainly one of the most popular
tests [72]. Therefore, it is a very sensitive and reproducible test and has been relied
upon since ancient times as a model for studying new drugs effective against inflam-
matory pain [73]. Likewise, carrageenan-induced inflammation enables us to detect
orally active acute anti-inflammatory agents. For this reason, it has great predictive
value for anti-inflammatory agents that act via mediators of acute inflammation [74].
This inflammatory response includes three distinct phases: a first phase involving
histamine and 5-hydroxytryptamine, which promote vasodilation, plasma transuda-
tion and oedema (0-1 hour), a second phase (1.5-3 hours), which uses kinins as
mediators, increases vascular permeability [75] and prostaglandin biosynthesis occurs
beyond the third hour (third phase) [76]. A positive effect is explained by the inhibi-
tion of the actions or synthesis of pro-inflammatory substances.

Indeed, inflammation occurs when carrageenan is injected. In rodents, intra-plan-
tar injection of carrageenan causes hypersensitivity, which is assessed by mechanical
or thermal stimulation. Pain pharmacology: The oedema caused by this photogenic
agent can be translated into volume and measured, making it possible to monitor
the inflammatory process (Figure 5) [77]. Similarly, the behaviours observed can be
characterised using a scoring scale [45].

6.2.2 Croton oil-induced ear oedema

The ear oedema is induced by croton oil, using the method of Manga and colleagues.
The thickness of the ear is measured using a digital calliper before treatment and a few
hours after induction of inflammation [78].

6.2.3 Injection of formalin into the facial vegion

Injection of formalin into the rat’s upper lip: The time the rat spends grooming,
scratching and rubbing is assessed [79]. The injection of formalin provokes a biphasic
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Figure 5.
Measuring the volume of the hind paw of the mice using the plethysmometer.

response similar to the one observed during intra-plantar injection. Administration
of analgesics reduces nociceptive behaviour. This test can be used to assess the pain
behaviour associated with trigeminal pain, as well as the effects of potentially analge-
sic drugs [45, 80].

6.2.4 Pulpite

The model stimulating inflammatory pain in the pulpedetar. Intradental injection
of capsaicin or formalin in rats. Nociceptive behaviour is measured using a scoring
scale. Model simulating inflammatory pain in the dental pulp. Nociceptive behaviour
persists for approximately 2 hours. Administration of analgesic reduces the intensity
thereof [45].

7. Ethical considerations animal models

If acute pain models or acute pain tests are used in which the pain does not end
with the animal’s response, the pain should be terminated as quickly as possible.
This may mean that the animals must be humanely euthanised as soon as the test is
completed (for example, convulsive test) or that analgesics must be administered.
Hence, it would be preferable to use avoidance tests rather than tests in which the
pain continues after the results have been obtained. Animal testing contributes
to life-saving treatments for humans, and in some cases, animals must be used
because it is possible that early experiments could cause catastrophic harm if
conducted directly on humans. But as cruel and inhumane as animal experi-
ments seem to be, everyone is aware that no animal leaves the laboratory alive,
and during most studies, the animals are killed and ultimately dissected. This is
why we, as researchers, must use animals in research and teaching, responsibly
to protect animals from unnecessary pain and suffering. Researchers should also
avoid exposing the animal to stress and fear, which can result from the method of
conducting experiments. The number of animals involved should be as minimal
as possible, and it is desirable that the duration of the experiment be as short as
possible [81].
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8. Conclusion

In the light of the facts enlightened above, pain is a complex and subjective
phenomenon that can be caused by a variety of factors. Pain relief is an essential
aspect of healthcare and is necessary to alleviate suffering and improve quality of life.
Further, pain relief can be achieved through drugs, therapies and alternative therapies
[3]. Traditional medicine has strong cultural roots, and many plants are used to treat
pain. On the other hand, this ancestral knowledge can be the source of inspiration for
finding numerous active ingredients and accordingly enabling therapeutic innovation
in the management of pain and inflammation. In conclusion, many aromatic plant
species have essential oils with antinociceptive activity. As a general rule, animal
studies are essential for research aimed at understanding complex questions in rela-
tion to disease progression or other biological mechanisms. Since the use of human
subjects in research is ethically inconceivable, the need to use animal subjects in the
initial research process is essential despite the complexity of assessing pain and its
manifestations, as well as measuring pain effects of potential analgesic molecules. It
remains for the researcher to choose the best tests to obtain answers and identify new
effective compounds with analgesic and anti-inflammatory potential.
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Chapter 5

Thymol and Its Derivatives Rich
Essential Oils from Asparagus
flagellaris and Therapeutic
Applications: Review

Michael Ibok, Oluwakayode Odeja and Ejike Okpala

Abstract

Asparagus flagellaris essential oils of the leaves and roots comprised of twenty-eight
(28) and nineteen (19) compounds in total, accounting 97.41 and 97.03% of the oil,
respectively, were discovered using GC-MS analysis. According to reports, the EOs
are a blend of terpenes, terpene derivatives, non-terpenes, thymol and its derivatives.
Additionally, thymol derivatives predominated in the essential oils. When compared
to the reference standards Tioconazole and Gentamicin for fungi (28 mm) and
bacteria (40-35 mm), respectively, the essential oil exhibited a moderate inhibitory
zone (18-10 mm) on the tested organisms. Thu, the essential oils were categorized
as bacteriostatic. On the DPPH radical scavenger properties, interaction between the
constituents identified in the essential oils demonstrated a distinctive a free radical
scavenging activity. The chemical components of A. flagellaris’ essential oils play a key
role in both its antioxidant and antibacterial properties.

Keywords: A. flagellaris, essential oil, antioxidant activity, GC/MS analysis,
antimicrobial activity, thymol derivatives

1. Introduction

Traditional health cures in various societies have a long history dating back to
discovery of primitive drugs during their battle against natural disasters, infections,
maladies and provender’s. Prehistoric discovered that certain foods had specific
characteristics that can help individuals recover from illnesses and live a healthier
life [1]. Natural products are not simply mishaps or results of the accommodation
of nature but are the characteristic articulation of the increase in the intricacy of an
organism [2]. There is ongoing methodology in development of innovative drugs
for human diseases from plant origin. Several plants are used to provide treatment
[3]. This is especially true in underdeveloped countries where traditional medicine
is still used to provide basic health care. A single plant may contain many second-
ary metabolites with healing activities ranging from anti-glycation, antibacterial to
diuretic [4].
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Plants are an extraordinary source of drugs and numerous novels organically
dynamic compounds particularly used in conventional prescription for management
of numerous illnesses. Plants are said to be the most unpredictable substance storage
facilities of unfamiliar biodynamic compounds with undiscovered potential for use
in present-day medication [5]. Plants with therapeutic and aromatic qualities have
been used for millennia and are still helpful in complementary therapies today. Herbs
are utilized all around the world, however they are used more frequently in develop-
ing countries. Herbs have traditionally been the main route of medication delivery
[6]. Numerous fragrant plants that grow in Nigeria have been identified as potential
sources of essential oils (EOs) [7]. Due to their well-established usefulness, aromatic
plants that yield substantial amounts of EOs can be utilized therapeutically to treat
arange of diseases. Strongly fragrant aromatic components that are obtained from
aromatic plants make up EOs, a chemical composition. EOs are complex blends of
bioactive ingredients with a variety of structural kinds, such as mono-, di-terpenes,
sesqui-, sulfur-containing, phenolic and phenylpropanoid compounds [7]. High
levels of bacterial drug resistance to existing treatments and the exorbitant costs of
recent generations of antibiotics may be overcome thanks to the effective antibacte-
rial capabilities of EOs [8]. The vast array of bioactive elements in EOs interfere with
different bacteria’s defense mechanisms by interacting with their cellular enzymes or
cell structures, which speeds up the death of microbial cells [9]. EOs and its constitu-
ents are used in fragrances, cosmetics, medicines, aromatherapy, dentistry, sanitary
products, food preservatives, agriculture and additives, and natural therapies in
addition to their remarkable antibacterial characteristics. Due to the billions of dollars
in yearly earnings, EOs became a much more enticing topic for both academics and
industry [10].

1.1 Terpenoids, thymol and biosynthesis of thymol

The term terpenoid, isoprenoid and terpenes are frequently used interchangeably
[11]. Terpenes are hydrocarbons built from isoprene units joined in head-to-tail fash-
ion, while the terpenoids are the oxygen-containing analogues of the terpenes. They are
the most diversified group of plant-derived natural products, having a broad range of
biological functions. Different types of terpenoids have been isolated from plants and
animals [11, 12]. Terpenoids have also been classified based on the functional groups
they contain, such as hydrocabons (limonene, Myrecene, a-pinene and f-pinene), alde-
hydes (geranial, neral), esters (bornile acetate, methyl salicylate), alcohols (menthol,
bisabolol), ketones (camphor, thujone), lactones (aesculatine, citroptene), Phenols
(limol, carvacrol), ethers (1, 8-cineol) and peroxides (ascaridol).

Thymol is a naturally occurring monoterpenoid (2-isopropyl-5-methylphenol).
The primary active compounds of essential identified from Thymus vulgaris
(Lamiaceae) is an isomer of carvacrol. Thymol is a potent antiseptic that have a wide
range of applications in home/personal home care products such as mouthwash,
hand sanitizer, and acne medicines [13]. Treatment of gastrointestinal and respira-
tory problems [14-17]. Ocimum gratissimum, Trachyspermum ammi, Carum copticum,
Oliveria decumbens, and Anemopsis californica are among the plants from which
thymol has been extracted [18-22]. Thymol is suggested as a potential natural remedy
in these various categories of recognized pharmaceutical uses [23]. Thymol has been
used in formulations as an insecticide, fungicide, and medicinal disinfectant, among
other non-pharmacological uses [24, 25]. Isopentenyl-pyrophosphate (IPP) and its
isomer dimethylallyl-pyrophosphate (DMAPP), both of which are produced by the
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plastidic methyerythritol pathway and the cytosolic mevalonic pathway which are the
five-carbon building blocks from which terpenes are biosynthesized.

The biosynthetic precursor of terpenes in the Mevalonic Acid (MVA) pathway of
thymol biosynthesis (Figure 1) is acetyl-Coenzyme A, commonly known as activated
acetic acid. It is similar to Claisen condensation and involves the coupling of two
acetyl-CoAs to produce acetoacetyl-CoA, a biological equivalent of acetoacetate.
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Figure 1.
Biosynthesis of thymol via the mevalonate pathway.
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In a process that resembles an aldol reaction, acetoacetyl-CoA joins with another
equivalent of acetyl-CoA as a carbon nucleophile to produce -hydroxy-methylgl-
utaryl-CoA (HMG-CoA). The next step is an enzymatic reduction of HMG-CoA
with nicotinamide adenine dinucleotide in the presence of water, which produces
mevalonic acid [26]. Mevalonic acid monophosphate is subsequently phosphory-
lated by adenosine triphosphate (ATP) to produce mevalonic acid diphosphate.
Isopentenylpyrophosphate (IPP), a five-carbon atom intermediate product, is then
produced by decarboxylation and drying out. Isomerase, an enzyme with SH group,
reacts with the IPP to produce dimethylallylpyrophosphate (DMAPP), another inter-
mediate molecule with five carbon atoms. Geranylpyrophosphate (GPP), a precursor
to monoterpenes, is produced when the electrophilic allylic CH, group of dimethylal-
lylpyrophosphate (DMAPP) and the nucleophlic methylene group of isopentenyl-
pyrophosphate (IPP) mix. Thymol and its isomer, carvacol, are produced by further
reactions and rearrangements inside geranylpyrophosphate (GPP) [26].

Throughout Northern and Southern Nigeria, A. flagellaris (Kunth) Bak., an aro-
matic herb, is found [27]. Asparagaceae is its family. It has arching spiny branchlets
and grows to a height of roughly 1 m as seen in Figure 1 [28]. It is ascendant, generally
erect plant. Africa as a whole uses it for a wide range of medical purposes. In both the
guinea worm remedy and the ointment for hair development, the branchlets (clad-
odes) comprise the major component [27]. Gonorrhea, syphilis and other sexually
transmitted diseases (STDs), as well as diarrhea and urinary infections, are all treated
using the stem and leaves [27]. The roots are employed in Unani medicine as laxatives,
tonics, aphrodisiacs, galactagogues, and treatments for renal and liver problems [29].
This herb was used to treat cholera, rheumatism and diuresis by the ancient Greeks,
Romans, Indians and Chinese [30]. Indians utilized it to enhance fertility, relieve
menstruation cramps, and boost nursing mothers’ milk production. It works to boost
kidney cellular activity, which in turn speeds up urine production. Chinese pharma-
cists store sparagus roots for their loved ones because they think it will make them
more compassionate and loving [30]. A. flagellaris’ stem bark and leaves were sub-
jected to a phytochemical screening, which revealed a sizable quantity of flavonoid
and a modest amount of carbohydrate, as well as trace amounts of ketones, pentose,
and cardiac glycoside [28]. Mshelia et al. [30] reported the inhibition of six microor-
ganisms viz. Corynebacteria, Escherichia coli, Klebsiella, Shigella dysenteriae, Neisseria
gonorrheae and Candida albicans at different molarity of A. flagellaris ethanol extract,
while the aqueous extract was susceptible to five organisms namely Streptococcus
pyogenes, Corynebacteria, Neisseria gonovrhoeae Proteus spp. and Treponema pallidum.

2. Chemical constituents of A. flagellaris

The yield (w/w %) of the essential oils extracted from A. flagellaris leaves and
roots using the hydrodistillation method was only 0.80 and 0.44%, respectively,
based on the dry weight of the plant samples [31, 32]. The volatile oils had a distinc-
tive aroma of thyme. The GC-MS technique was used to examine the chemicals found
in the essential oils of A. flagellaris leaves and roots. In Tables 1 and 2, the detected
ingredients and the total ion concentration (TIC) in % were summarized. Twenty-
eight (28) and nineteen (19) compounds in total, accounting for 97.41 and 97.03% of
the oil, respectively, were discovered using GC-MS analysis of leaves and root EOs.
According to reports, the EOs are a blend of terpenes, terpene derivatives, non-
terpenes and thymol and its derivatives.
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S/N Compoundsidentified TIC (%)
1 1-(2,5-dimethoxyphenyl)-Ethanone 0.35
2 2’-Hydroxy-1'-acetonaphthone 177
3 2-isopropenyl-(+)-2-carene 0.24
4 8,9-dehydro-4-hydroxy thymol methylether 1.49
5 Cis-p-Farnesene 0.26
6 Durenol 3.29
7 Euparin 0.64
8 Isophosphinoline 0.76
9 n-octylesterundecanoic acid 0.98
10 Thymol methyl ether 25.8
1 Thymolhydroquinone dimethylether 12.72
12 Thymolisobutyrate 433
13 Thymyl tiglate 34.73
14 Thymyl-2-methylbutyrate 547
15 a-Bisabolol 136
16 a-Humulene 0.37
17 a-Santalene 0.8
18 B-Bisabolene 0.88
19 §-Cadinene 0.79

Total 97.03

Table 1.

Constituents of A. flagellaris roots EO.

Thymol and its derivatives made up the majority of the leaves essential oil
(EO), which included 57.48% of it, along with its derivatives (thymol-2-methyl
butyrate, 17.34%, 5-thymyl tiglate, 18.49%, thymol hydroquinone dimethyl
ether, 10.52%). Additionally, the leaves essential oil (EO) has 12.99% oxygenated
sesquiterpenes of therapeutic significance, including 7-epi-cis-sesquisabinene
hydrate, 6-(3-isopropenyl-2-methyl-1-cyclopropen-1-yl)-6-methyl-2-heptanol
and others. Germacra-4(15), 5,10(14)-trien-1-ol, cis-Farnesol, 8-Cedre-13-ol and
Longiverbenone. 15.04% hydrocarbon sesquiterpenes (f-Copaene, Germacrene D,
Y-Muurolene,5-Cadiene, p-Bisabolene, a-uurolene, Y-Cadine-1,4-diene, Valence,
8,9-dihydro-cycloisolongifolene and a-Patchoulene), 6.62% oxygenated mono-
terpenes (5-Propyl-1,3-benzodioxol, Bornyl acetate, (E)-Cinnamyl alcohol and
2-Allyl-cresol), 0.75% oxygenated diterpene (phytol) and 4.55% non-terpenes/
non-terpenoids.

Nevertheless, the majority of the EO’s roots (84.54%) were thymol derivatives
(thymol hydroquinone dimethylether, 12.72%, thymol methyl ether, 25.80%,
thymyl-2-methylbutyrate, thymol isobutyrate, 8, 9-dehydro-4-hydroxy thymol
dimethylether, 5.4% and thymyl tiglate, 34.73%). 1.36% oxygenated sesquiter-
penes (Bisabolol), 3.10% oxygenated monoterpenes (1-(2, 5-dimethoxyphenyl and
Durenol)-Ethanone), 3.10% hydrogen sesquiterpenes (Santalene, Cis-Farnesene,
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S/N Compounds identified TIC (%)
1 Thymol methyl ether 942
2 Bornyl acetate 044
3 Thymol 171
4 Thymol hydroquinone dimethyl ether 10.52
5 Germacrene D 3.83
6 B-Copaene 0.87
7 B-Bisabolene 0.92
8 8-Cadinene 2.69
9 cis-Farnesol 151
10 Y-Cadine-1,4-dinene 0.37
11 a-Muurolene 0.83
12 Valencene 139
13 Thymyl-2-methylbutyrate 1734
14 a-Patchoulene 213
15 Thymyl tiglate 18.49
16 6- (3-Isopropenyl-2-methyl-1-cyclopropen-1-yl) -6-methyl-2-heptanol 34
17 7-epi-cis-sesquisabinene hydrate 5.46
18 Y-Muurolene 2.01
19 Germacra-4(15),5,10 (14)-trien-1a-ol 0.31
20 8,9-Dihydro-cycloisolongifolene 0.39
21 2-Ethylbenzimidazole 1.64
22 3-Chloro-4-fluorophenol 291
23 5-Propyl-1,3-benzodioxole 4.59
24 Longiverbenone 2
25 2-Allyl-p-cresol 0.37
26 (E)-Cinnamyl alcohol 1.22
27 Phytol 0.75
28 8-Cedre-13-ol 0.31

Total 97.82

Table 2.

Constituents of A. flagellaris leaves EO.

Bisabolene and Humulene), and 10.99% non-terpenes/non-terpenoids. However,
thymol derivatives were shown to be the main component of the EOs of A. montana’s
subsurface organs [33, 34].

3. Therapeutic application of A. flagellaris essential oils
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substantial scavenging power from 91.04-88.06% and 90.04-50.73%, respectively
(92.60-90.68%). Also noted was the concentration dependence of the antioxidant prop-
erties. The chemical compounds of the essential oil, thymol and its derivatives, which
make up the majority of the mixture, may be accountable for the antioxidant property
seen. However, the analysis of variance revealed no distinction in antioxidant between
the essential oil of the leaves and the benchmarks that was significant (P < 0.05).

The essential oils from the leaves and roots of A. flagellaris were examined for its
antibacterial properties against 10 pathogenic organisms at various concentrations
(1000-62.5 pg/mL) in comparison to reference standards (gentamicin and tiocon-
azole). The antibacterial ability of the essential oils were evaluated by measuring the
inhibitory zones surrounding the well. The antibacterial activity revealed that none
of the examined organisms were inhibited by the essential oils at 1000 pg/mL. R.
spp. had the lowest inhibition at 250 pg/mL. (10 mm). The bactericidal capabilities
of A. flagellaris leaves and roots essential oil were substantially different (P < 0.05)
from reference standards (gentamicin and tioconazole). While only a small amount
or lower concentration of the oil is needed to attack a active site in the organism, a
high concentration will cause accumulation and blockage of the sensitive site and, as
aresult, have no effect [16]. This may explain why the oils are insensitive to the tested
microorganisms at a higher concentration (1000 pg/mL).

Also, it is assumed that the protein bound at higher concentrations generating
resistance to the tested microorganisms, and this was diminished as the concentration
of the oil reduced. Furthermore, it has been stated that an antimicrobial’s microbio-
logic activity is restricted to its non-protein-bound portion [31]. The interactions
between the compounds present in the essential oils of the plant’s leaves and roots
could explain the study’s findings regarding the degree of antibacterial activity.
Therefore, these chemical elements may affect a number of bacterial cell target
locations [35]. The essential oil’s function might be regarded to as a “bacteriostatic
antibiotic” since it prevents bacteria from multiplying by inhibiting bacterial protein
synthesis, DNA replication, or other processes involved in cellular metabolism. This
class of drugs is known as bacteriostatic antibiotics, and it includes tetracyclines,
sulfonamides, spectinomycin, and others [35]. This result is in line with earlier find-
ings on leaf extracts [6] and Marchese et al. [20] claims that all thyme essential oils
are bacteriostatic.

However, those from the leaves and roots of A. flagellaris with noteworthy chemical
compositions, such as thymol methyl ether, bornyl acetate, thymol B-bisabolene, were
also found to be the most common ingredients in the root essential oil of Chaerophyllum
villosum [36, 37]. Significant antioxidant and antibacterial activities were significantly
reduced by these components. Germacrene D, farnesol, bornyl acetate and p-bisabolene
have all been suggested as the possible causes of the antibacterial and antioxidant
effects of Eupatorium adenoporum essential oil [38]. All yeasts and filamentous fungi
(E oxysporum £. sp. albedinis and M. ramanianus) were responsive to Thymol, Thymol
Methyl Ether, a-Muurolene, Germacrene D, and a-Muurolene in Thymus fontanesii [39].
Thymol and thymol methyl ether were two of the key components of Thymus vulgaris
essential oil that have antioxidant and antibacterial effects [40].

The essential oil’s comparatively large content of thymol derivatives may be respon-
sible for the majority of the reported therapeutic advantages of A. flagellaris in folk
medicine. The literature has in-depth descriptions of strong thymol derivative antisep-
tic, anti-inflammatory, antibacterial, antifungal, flavoring and antispasmodic proper-
ties [38]. Other minor essential oil constituents are of phytochemical relevance because
of their combined impact in suppressing the biological activities observed in this study.
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4, Conclusion

The essential oils of the leaves and roots of A. flagellaris and their chemical
makeup, antioxidant and antibacterial capabilities. The oil samples from the leaves
and roots, respectively, contained 28 and 19, mostly oxygenated monoterpenes,
oxygenated sesquiterpenes, hydrocarbon sesquiterpenes, oxygenated diterpenes and
thymol and its derivatives. The essential oil shown significant antioxidant activity
when compared to common medicines. The essential oil at a concentration between
500 and 125 pg/mL exhibited moderate activity against all the tested microorganisms,
according to the inhibition zones (10-18 mm) obtained from the antimicrobial assay,
in comparison to the standard drugs (gentamicin; 10 pg/mL and tioconazole; 0.7 mg/
mL), which gave 26-40 mm inhibition zones. The chemical elements and biological
activity of the A. flagellaris leaves and roots essential oil support the ethnomedicinal
usage of this plant for treating syphilis, gonorrhea and other sexually transmitted
disorders.
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Essential Oils in Animal Diets
to Improve the Fatty Acids
Composition of Meat and Milk
Quality in Ruminant
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Abstract

Adding essential oils to the diet of ruminants is a novel strategy that improves milk
and meat quality by enhancing production and fatty acid content. Including essential
oils has various effects, such as modifying the biohydrogenation of unsaturated fatty
acids. As aresult, the fatty acid profile leaving the rumen can be affected, which in
turn can affect the levels of important fatty acids in the milk and meat produced by
ruminants. In the rumen, microorganisms convert unsaturated fatty acids to mostly
saturated fatty acids and some unsaturated fatty acids through biohydrogenation.
Added essential oils can shift the rumen microbiota, followed by changes in the
fatty acid profile. The impact of essential oils on the biohydrogenation of fatty acids
depends on various factors such as the type of essential oil used, its chemical compo-
sition, interactions with nutrients present in the feed, the ability of ruminal microbes
to adapt to essential oils, and type of animal. Studies have indicated that various
essential oils can influence ruminal fermentation and biohydrogenation of dietary
fatty acids, and thus, affect the presence of polyunsaturated fatty acids in milk and
meat, which is associated with positive effects on human health.

Keywords: essential oils, milk, meat, rumen microbiota, fatty acids

1. Introduction

Feed utilization is strongly affected by rumen fermentation, so nutritionists have
focused on the physiology of the rumen and its microbiome. The entire rumen microbial
community cooperates in the digestion and utilization of the feed, rather than the efforts
of individual groups or strains to perform specific metabolic pathways such as fatty acids
biohydrogenation. The shifts in the composition and abundance of ruminal microorgan-
isms are affected not only by feed type [1] but also by the use of rumen modifiers such as
plant secondary metabolites, including phenolic compounds and essential oils Essential
oils (EOs) [2]. EOs are volatile, complex compounds extracted from different parts of the
plants to protect plants against attacks by bacteria, fungi, or insects. Common EOs fall
under two chemical groups: terpenoids and phenylpropanoids, which are synthesized
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through secondary metabolism in plants [3]. Chemically, extracted EOs vary due to
genetic determinants of the plant, stage of growth, and environmental factors [4].
Supplementing ruminants with EOs can improve their productive performance, rumen
fermentation, health, and product quality (such as milk and meat) [3, 5-7].

As a result of the prohibition of antibiotics in the animal production sector, scientists
have used plant EOs and phytochemicals as available alternatives to antibiotics [8]. The
EOs generally have antibacterial activity against both gram-negative and gram-positive
bacteria [9, 10]. The mode of action of EOs is based on their ability to disrupt cell walls
and cytoplasmic membranes, leading to lysis and leakage of intracellular compounds [11].

Many gram-positive bacteria in the rumen are involved in biohydrogena-
tion reactions of unsaturated fatty acids (FA) [12]. Manipulating the rumen
fermentation process is an important function of EOs. [13], and impeding the
biohydrogenation of n-6 and n-3 fatty acids in the rumen [14], which inhibits
the biohydrogenation process in the rumen and increases the passage of polyun-
saturated fatty acids (PUFA) into milk and meat, and this has positive effects on
human health. Extensive literature supports the use of EOs as rumen modifiers;
however, more studies are urgently needed to improve the quality of milk and meat
by improving their PUFA content. In this chapter, we discussed the effect of EOs
on the rumen microbiome and the characteristics of dairy and meat final products.

2. Biohydrogenation in the rumen

Forages and concentrate contain abundant PUFA such as a-linolenic acid (18:3n-3),
linoleic acid (18:2n-6), and oleic acid (cis-9 18:1) [15] in the form of dietary lipid. In
the rumen, dietary lipids are hydrolyzed and released nonesterified FA. Then, 18:3n-3,
18:2n-6, and cis-9 18:1 are converted to saturated FA via cis-trans isomerization to
trans-FA intermediates, followed by hydrogenation of the double bonds [12]. This pro-
cess is called biohydrogenation. However, a small percentage of PUFA passes into milk
and meat. PUFA is toxic to bacteria, so it is believed that the bacteria perform the bio-
hydrogenation process to reduce the toxicity of PUFA [16]. Bacteria prefer saturated
FA for synthesizing their cell membranes because the double bonds in unsaturated FA
distort their molecular shape and disrupt the structure of the lipid bilayer [17].

In general, the bacteria responsible for biohydrogenation are classified into groups
A and B [18]. Group A bacteria hydrogenate 18:2n-6 and 18:3n-3 to trans-11 18:1
and related isomers, while group B bacteria convert those 18:1 isomers to 18:0. The
Butyrivibrio group contains the most active bacterial species involved in the biohy-
drogenation of C18 unsaturated FA [19, 20], including the genera Butyrivibrio and
Pseudobutyrivibrio, and Butyrivibrio proteoclasticus [21]. Within the complex ecosys-
tem of the rumen, some bacteria could not be exclusively classified into one of the
two groups. B. proteoclasticus, for instance, converts 18:1 isomers not only to 18:0 but
also hydrogenates 18:2n-6 to 18:0 [22].

3. Effects of EOs on rumen microbiota

The activity of EOs can alter the rumen microbiota. Early studies on the effects
of dietary EOs focused mostly on the effect of EOs on feed utilization efficiency and
ruminant performance. There have been only a limited number of studies conducted
on the impact of EOs on rumen microbiota. These effects typically involve regulating
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ruminal fermentation processes thus, it affects the final products. Benchaar et al. [23]
reported that the addition of EOs affected the bacteria responsible for ammonium
production, the proteolytic bacteria Provotella, and the methane-producing archaea.
EOs can reduce ruminal ammonia-N production, as they can inhibit ammonia-
producing bacteria Clostridium sticklandii, Peptostreptococcus anaerobius, lostridium
sticklandii, and Peptostreptococcus anaerobius and reduce the decomposition of amino
acids in the rumen [24].

Depending on the type of EOs, EOs may have inhibitory effects on rumen micro-
biota with a decrease in rumen microbial abundance, and stimulatory effects with
an increase in rumen microbial abundance [25]. EOs addition can modulate rumen
fermentation by altering volatile fatty acid concentration and decreasing methane
emissions by broadly altering the rumen bacterial community [26]. In beef cattle,
the addition of EOs increased the relative abundance of Parabacteroides distasonis and
Bacteroides thetaiotaomicron bacteria, which is associated with increased propionate
concentration in the rumen [27]. Additionally, iz vitro studies conducted by Zhou
et al. [26] revealed that the addition of EOs reduced the abundance of Succiniclasticum
bacteria, which converts the succinate to propionate, indicating a negative impact
on propionate concentration. EOs can effectively reduce the presence of methano-
gens in the rumen, and may also have a negative impact on the relative abundance
of Ruminococcus flavefaciens, Ruminococcus albus, and Fibrobacter succinogenes [28]
and Ruminococcus flavefaciens in dairy goats [29]. In beef cattle, EOs have been
found to increase the relative abundance of the bacterial family Succinivibrionaceae
[26-30]. This increase is strongly negatively correlated with the relative abundance of
Methanobacteriaceae microorganisms [31].

On the other hand, adding EOs to ruminant diets can have varying effects on the
rumen microbiota. The effects are dependent on the components of the EO, which
should be obtained from the same plant species, these components can also vary
depending on the geographical location and the season of harvest [32]. Furthermore,
the impact of the same EO on the rumen microbiota can vary depending on the dosage
used. The impacts of EOs on rumen microbiota seems also more affected by ruminal
pH. The pH level can affect the dissociation of EO molecules and their final form. Some
studies suggest that the undissociated hydrophobic form of the active EO molecules is
more effective in antimicrobial activity as it dissolves better in the bacterial membrane’s
lipid bilayer, this effect has been observed in low rumen pH conditions [33, 34].

4. Effect of EOs on the microbiota operating the biohydrogenation of fatty
acids

Altering rumen populations with EOs may also have an effect on some rumen
microorganisms responsible for the biohydrogenation of PUFA, which causes a
modification of the rumen FA profile that passes into the milk and meat of ruminants
[35]. The use of EO supplements suitable for ruminants must be well planned in terms
of the type of EOs and dosage. A proper choice has a positive effect on feed efficiency,
digestion, rumen fermentation, and meat and milk production, while an inappropri-
ate choice can lead to negative effects, including reducing feeding efficiency and
increasing methane production and resistance of rumen bacteria to the effects of
EOs. The antibacterial properties of EOs may cause bacteria to become resistant to
EOs. However, very few studies have researched bacterial resistance to EOs. EOs are a
mixture of chemical compounds that have antimicrobial activities [8], making it hard
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for bacteria to develop resistance mechanisms [36]. However, it has been found that
Staphylococcus aureus has developed resistance to EOs [37, 38].

5. Effects of EOs on milk fatty acids profile

Milk fat content and FA composition are primarily determined by lipid metabo-
lism in the rumen and the mammary gland [39]. EO supplementation can reduce the
levels of C8 and C12 fatty acids. This occurs because EOs can produce potent inhibi-
tors that hinder the synthesis of de novo FA in the mammary gland [40, 41].

The rate and extent of FA biohydrogenation could also impact variations among
animal species [42]. In small ruminants, supplementation of EOs is more effective in
the biohydrogenation process. For instance, Juniper EO addition enhanced the pres-
ence of n-3 fatty acid in goat milk, while anise, clove, and juniper had minimal impact
on milk components [43]. Cinnamon oil elevated the concentration of unsaturated
FA, n3 linolenic acid, and conjugated linoleic acid [44]. The inclusion of garlic or
juniper EO in the diet of dairy cows resulted in an increased proportion of conjugated
linoleic acid in milk [45]. Clove and thyme EO were found to be more effective in
decreasing the biohydrogenation process and increasing the concentration of C18:3
n-3, C18:4 n-3, and n-3 FA in milk fat and decreased the concentrations of C18:3 n-6,
C20:4 n-6, and n-6 FA in the milk of lactating goats [6].

Dairy cattle fed a blend of EOs (capsaicin, carvacrol, cinnamaldehyde, and euge-
nol) secreted more CLA, suggesting that EO influenced the ruminal biohydrogena-
tion of PUFA [46]. Supplementation with 750 mg of a mixture of EOs had no change
in milk FA profile [47]. However, supplementing 2 g/d of the same mixture increased
the concentration of CLA in milk fat [48].

6. Effects of EOs on meat fatty acid profile

Meat typically has a high content of saturated fatty acids (SFA) and a low content
of PUFA/SFA [49]. Therefore, enhancing the PUFA levels in animal diets, either by
incorporating a source rich in n-6 or n-3 PUFA, or by supplementing with EOs to
inhibit biohydrogenation, generally leads to an improvement in the PUFA/SFA ratio.
It has been found that the meat obtained from animals that are fed on pasture hasa
lower n-6/n-3 ratio compared to the meat from animals that are fed on grains because
of the higher levels of a-linolenic acid found in pasture [50].

There are limited studies on the impact of supplementation of EOs to beef on its
FA composition. Supplementing rosemary oil had a limited effect on the FA com-
position in various tissues and did not result in a significant alteration in the overall
profile [51-53]. However, according to Nieto et al. [54] rosemary oil has a significant
impact on the level of C18:0 content while causing a decrease in C16:0 fatty acid. The
addition of anise, clove, and thyme EO enhanced the ratio of PUFA to SFA. It also
increased the levels of n-3 fatty acids while decreasing the levels of n-6 fatty acids [5].

7. Conclusion

Changes in the FA profile of meat and milk resulting from EO addition have been
shown to be variable and unpredictable in terms of n-3 fatty acids. Furthermore, to
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enhance our understanding in this area, it seems important to precisely characterize
the effects of various environmental elements on the major rumen microbial species
involved in the biohydrogenation process and to study how these effects are influ-
enced by diet and ruminal environment. Further studies are needed on the factors
that influence the biohydrogenation bacteria in the rumen so that we can propose new
rational dietary modifications that will ultimately lead to healthier ruminant products
for human consumption.
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Chapter7

Oregano Essential Oils as a
Nutraceutical Additive in Poultry
Diets

Liliana Betancourt Lopez

Abstract

Oregano essential oils (OEOs) are volatile compounds obtained from the leaves
of the oregano plant (Origanum vulgare) through a process of steam distillation. Its
major bioactive compounds include carvacrol and thymol. The OEOs from Origanum
spp- have been considered to be the best ones because they have a higher content of
carvacrol; however, in tropical America and Africa ecosystems, chemotypes with
a high thymol content are found as Lippia origanoides. Carvacrol and thymol are
responsible for the strong antimicrobial, antioxidant, and anti-inflammatory effects
of OEO. They have been studied for their potential effects on the function of intes-
tinal barrier, which plays a crucial role in maintaining gut health. These compounds
may help reduce inflammation in the gut, protect and preserve intestinal integrity,
control the growth of harmful bacteria in the gut, and improve the poultry’s produc-
tive performance. The OEO has potential as a natural alternative to antibiotics for
improving intestinal health and barrier function in poultry. However, more research
is needed to fully understand the mechanisms underlying these effects and determine
the optimal dosage and duration of OEO supplementation.

Keywords: Lipia origanoides, Origanum, thymol, carvacrol, growth promoter,
nutraceuticals

1. Introduction

The Origanum genus covers a wide range of more than 60 plant species, most
of which belong to the Lamiaceae and Verbenaceae families; among these species,
Origanum vulgare L., Lippia graveolens Kunth, and Lippia origanoides Kunt are con-
sidered species of economic importance with a wide range of applications [1, 2].
Oregano essential oils (OEOs) are volatile compounds obtained from oregano leaves
by steam distillation; they are composed of more than 50 phytochemically different
molecules, such as terpenes, phenols, alcohols, organic acids, aldehydes, and ketones.
Those metabolites are responsible for the medicinal properties of OEO, including
antibiotic and anti-inflammatory properties that can help strengthen the immune
system of birds [3]. The OEO may improve feed intake, the growth rate of broilers,
and the overall body condition and quality of meat carcasses [4, 5]. Oregano is also
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known to fight off bacteria that frequently make poultry sick, such as Escherichia coli,
Salmonella, and Clostridium [2, 6]. The OEO is now used commercially by producers
in place of antibiotic feed. Due to its antibiotic properties, oregano has been found

to improve intestinal functions and alter the gut microbiota in broiler chickens and
laying hens. Another application of OEO has been the improvement of intestinal
antioxidant capacity, immunity, and intestinal microbiota in birds [7, 8]. Recently,
the effects of oregano essential oil (OEO) on intestinal health and barrier function in
poultry have been investigated. OEO has been shown to improve the barrier function
of intestinal epithelium and consequently strengthen immune defense against patho-
gens in laying hens [8]. This mechanism appears to be based on regulating intestinal
bacteria and inflammation. OEO has been shown to improve intestinal antioxidant
capacity, immunity, and gut microbiota in yellow-feathered chickens and, therefore,
improve growth performance, antioxidant status, and intestinal health in broilers.

In pigs, the OEO has also been found to improve intestinal morphology and expres-
sion of tight junction (TJ) proteins associated with modulation of selected intestinal
bacteria and immune status [9]. Furthermore, feeding OEO to pullets during rearing
can help improve flock uniformity, reproductive fitness, and feed efficiency [8]. The
OEO is known for its potent antimicrobial properties, which are primarily attributed
to its major bioactive compounds, including carvacrol and thymol. These compounds
possess significant biological activities and have been extensively studied for their
antimicrobial, antioxidant, anti-inflammatory, and anticancer properties [10].

The previous evidence suggests that OEO has potential as a natural alternative to
antibiotics for improving intestinal health, barrier function, and productive perfor-
mance in the poultry industry. This chapter presents some experiences that we have
had, as well as those of other authors, about the uses and applications of the different
OEO chemo types for poultry production.

2. Oregano essential oils composition

When working with locally grown OEO, there is a wide range of secondary
metabolite compositions that determine its wide variation in the biological activity.
In our studies, 54 compounds were identified in the volatile fraction of Origanum
and Lippia genus essential oils. Carvacrol and thymol and their precursors p-cymene
and xz-terpinene were the majority of phenolic monoterpenoid compounds found.
Origanum vulgare L. ssp. Hirtum, grown in Greece, showed the highest value of
carvacrol (90.3%), in contrast to the major volatile compounds found in O. vulgare
L. Grown under greenhouse conditions was thymol (21.51%). Carvacrol showed the
lowest value (4.3%). In contrast, Lippia origanoides Kunth, an endemic species of the
Patia region [2], presented the highest value of thymol (78.7%). L. origanoides is very
important for Colombia because it is an endemic species of arid tropical lands [11].
L. origanoides is a native species of oregano adapted to arid conditions, dry soil in the
Patia region of Colombia’s southwest [12]. These conditions allow that Lippia orig-
anoides Kunth is a unique species because of its high thymol content (close to 80%),
low variation in metabolites, and low percentage of precursor compounds. Origanum
magjorana was another species cultivated under a greenhouse. It was represented by
the bicyclic monoterpenoids sabinene and cis- and trans-sabinene hydrates (17.1%),
with a high level of precursors x-terpinene and terpinen 4-ol (20.0%), very low thy-
mol (10.0%), and carvacrol (3.7%), with the presence of sesquiterpenoid compounds
such as germacrene and bicyclogermacrene, acyclic monoterpenoid b-myrcene, and
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sesquiterpenoid trans-f-caryophyllene [2]. In contrast, in other tropical areas, it
has been found that carvacrol is the major component, together with x-terpinene,
thymol, and p-cymene, in oils from L. origanoides leaf hat [13]. In contrast, in our
study, carvacrol was present only as a trace constituent (0.9%), but thymol contents
ranging from 1.4 to 74.4% are reported [14] due to new chemotypes found. It can be
concluded that the crop, the weather, the species, and the seasonal conditions can
affect secondary metabolite production [15].

Despite the great variability, European and Greek oreganos have been the most
evaluated and processed to be distributed on a commercial scale throughout the world
because they have the highest content of carvacrol [13]. However, to tropical ecosys-
tems such as America and Africa ecosystems, where Lippia genus native species with
high thymol content is found, it might be important. Additionally, carvacrol has been
shown to have more negative effects than thymol [16], raising the question of whether
a high carvacrol content in the essential oil is a good indicator of its quality.

3. Antimicrobial activity of OEO

The OEO’ antimicrobial activity has been attributed to its compounds such as
carvacrol and thymol, which are the main constituents responsible for the strong
antimicrobial effects of oregano essential oil [2, 6]. They exhibit broad-spectrum
activity against various bacteria, fungi, and even some viruses. These compounds
disrupt the cell membranes and inhibit the growth and proliferation of microorgan-
isms [10, 17]. The OEO damage disrupts in-membrane integrity, which affects pH
homeostasis and equilibrium of inorganic ions [18]. Carvacrol has been shown to alter
the electrolyte balance because of decrease in the intracellular potassium, increase
in the extracellular potassium, and consequently the bacterial membrane potential
[19]. But the effect of OEO goes beyond the bacterial membrane because a transfer
of monoterpene to inside of bacteria and the interaction with their components is
also suggested [20]. Another mechanism of antibacterial action has been found for
the OEO, the inhibition of quorum sensing (QS) in Escherichia coli and Pseudomonas
aeruginosa. The QS is a mechanism that modulates the expression of genes that allow
to recognize the bacterial population density through the accumulation of specific
signaling molecules to ensure the survival and pathogenesis [21]. The OEO has proven
to have a wide spectrum of antibacterial activity and is one of the most inhibitory
species. However, there are few references that compare the antimicrobial activity of
Origanum gender species versus Lippia origanoides as well as the antibacterial activity
against pathogenic and beneficial bacterial strains to animal health and production.

Our studies compared the minimum bactericidal concentration (MBC) of carva-
crol, O. vulgare spp., and L. origanoides. Carvacrol presented the lowest value of MBC
against E. coli (0.006 mg/mL) and Salmonella typhimurium (0.098 mg/mL), followed
by L. origanoides against E. coli, and O. vulgare L. ssp. Hirtum and O. vulgare L. against
S. typhimurium. The highest bactericidal activity against S. enteritidis was presented
with carvacrol, O. vulgare L. ssp. Hirtum (high carvacrol), and L. origanoides (high
thymol). In contrast, the lowest bactericidal activity was presented against beneficial
bacteria with a higher value of MBC when they were compared with pathogenic
bacteria. Except to Bifidobacterium breve, while carvacrol presented the highest bacte-
ricidal activity (1.56 mg/mL), L. origanoides had the lowest activity (50 mg/mL). The
O. majorana essential oil showed the lowest bactericidal activity against pathogenic
and beneficial bacteria. The higher bactericidal activity against pathogenic bacteria
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was associated with the content of phenolic components carvacrol or thymol with
respect to species such as O. majorana with a high content of sabinyl compounds. This
study found that the OEO had a selective bactericidal effect against pathogenic and
beneficial bacteria. The beneficial bacteria Lactobacillus and Bifidobacterium were

less sensitive to OEO than the pathogens Salmonella and E. coli to both carvacrol and
OEO high carvacrol and high thymol. These results give to OEO a potential use to
maintain the intestinal eubiosis [12]. Other studies also concluded that the essential
oil of Lippia origanoides H.B.K. presented antimicrobial action against Staphylococcus
aureus, Escherichia coli, and Candida albicans strains [22]. The OEO from Lippia orig-
anoides high thymol grown in Brazil also demonstrated antimicrobial activities against
the foodborne bacteria Bacillus cereus, B. subtilis, and Salmonella typhimurium, but not
against Pseudomonas aeruginosa [23]. It can be concluded that L. Origanoides presents a
potential for the development of new phytotherapeutics.

4. Benefits as an additive in poultry feed

The food-animal industry has used antibiotics in the feed for decades. The use of
antibiotics in subtherapeutic doses in animal feed has been questioned due to its pos-
sible relationship with resistance in bacteria that has an impact on human and animal
health and the antibiotic resistance is one of the top health challenges of this century
[24]. In recent years, there has also been a growing interest in antibiotic-free broiler
meat production, therefore, it is necessary to generate nonantibiotic alternatives for
their use in feed and animal nutrition. Bioactive compounds derived from medicinal
plants have been proposed as natural sources of phytochemicals with antibacterial,
anti-inflammatory, and antiviral properties, among others, which are ideal for use
as feed additives in food animal production [25, 26]. Within these phytochemicals,
oregano essential oils have been evaluated and used as additives in poultry feed.
Various studies have verified the positive effects of OEOs on feed intake, metabolism,
digestive secretions, and growth, among others [4, 27, 28], as well as nonculturable
pathogens [29]. Both studies and commercial products with OEO have been based
on essential oils from Greek oregano species (Origanum spp.) with high carvacrol
content. It has been proposed that the effectiveness of these OEOs may be the result
of their antimicrobial activity as presented back. Our studies on Lippia origanoides
Kunth, also commonly named oregano, have shown that AEO rich in thymol can be
aviable natural additive to produce chicken meat with a possible anticoccidial effect.
We found that the inclusion level of AEO depends on the broiler’s health status. This
species, native to tropical America, was analyzed by gas chromatography, and 22
compounds were identified in the volatile fraction of the essential oil. We established
that thymol was the major secondary metabolite (78.7%) in L. origanoides Kunth with
avery low level of precursors such as p-cymene (6.6%), x-terpinene (2.7%), and
carvacrol (0.9%); however, this type of oregano has been little studied. Our studies
included the effect of OEO from L. Origanoides Kunth on cecal microbial diversity
and composition in broilers challenged with attenuated coccidia oocyte vaccine
(2x) and found that supplementation with 100 ppm of AEO reduced the negative
impact of the challenge with attenuated oocysts of coccidia. A significant interaction
was identified, because 65 ppm was OEO level that maximized the body weight in
non-coccidian-challenged chicken groups, but 147 ppm was required for the coc-
cidian-challenged group. The OEO supplementation to coccidia-challenged broilers
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improved the body weight (9.3%) and the feed conversion ratio (FCR) (-6%). It was
shown that AEO rich in thymol can be a viable natural additive to produce chicken
meat without antibiotic [30].

Average daily gain (ADG) and feed conversion ratio (FCR) were better in broilers
fed with OEO than those fed with a control diet during days 1-21 and days 22-42 of
age [3]. Although there is no agreement on the inclusion levels, 150 or 300 mg/kg of
OEO has proven to be effective in increasing the average daily feed intake and average
daily gain [31]. Other studies raised higher levels of 150-750 ppm of OEO in broiler
diets and concluded that during the grower period, the OEO-supplemented groups
showed a better conversion of feed, with linear and quadratic performance. A linear
increase in body weight, body weight gain, the protein efficiency ratio, the relative
growth rate, and better conversion was observed at 750 ppm of OEO dietary level
compared to the control groups. With the broken-line regression model, it was found
that 580 ppm of OEO optimizes the final body weight and the feed conversion [32].

We compared OEO from four chemotypes against antibiotics in broiler diets and,
contrarily, O. majorana with slow carvacrol, thymol, and antibiotics presented higher
values of energy and fat ileal digestibility and a higher body weight. Interestingly,

a negative correlation between the body weight and carvacrol intake (r: —0.55)

and a positive correlation with thymol intake (r: 0.46, p 0.05) have been reported.
These results found a possible negative effect of high carvacrol intake and different
responses of broilers as a function of OEO composition [33]. The impact of OEO on
digestive efficiency had been more consistent, with a greater amylase enzyme activity,
a quadratic elevation in chymotrypsin, and higher chymotrypsin and lipase activity,
which would be expressed in a better efficiency in the use of food in broilers, greater
average daily gain (ADG) and a lower fructose-to-glucose (F/G) ratio [8], a linear
increase in villus height to crypt depth ratio, a quadratic decrease in feed conversion
ratio with a lower feed conversion ratio (200 ppm) than the control during weeks
1-12 of the trial, and higher eggshell thickness at the end of weeks 4, 8, and 12 [8].
With a level of 275 ppm of OEO in the diet of laying hens, it improved the body
weight, lowered the triglycerides, and raised the high-density lipoprotein levels [34].
The OEOs, or secondary metabolites, have been very widely used in the poultry
industry in mixtures with other types of essential oils with beneficial effects on body
weight and feed conversion ratio values when evaluated in coccidia-challenged broiler
chickens [35, 36]. Coccidia is an important parasite because it generates a high eco-
nomic impact and welfare and becomes a challenge for the poultry industry. On the
other hand, the use of drugs as feed additives is being withdrawn, thus, these OEO
mixtures as well as L. origanoides essential oils are a potential option as a natural alter-
native to antibiotics for improving the poultry productive performance. However,
more research is needed to fully understand the mechanisms underlying these effects
and determine the optimal dosage and duration of OEO supplementation.

5. Effects on gut microbiota

The gut microbiota is considered one of the key elements contributing to the
efficiency, welfare, and health of birds. The evaluation of gut microbiota changes in
response to the use of feed additives is a key indicator to evaluate the efficiency of
natural alternatives to the use of feed antibiotics in poultry production. The latest
generation molecular techniques have contributed to characterizing the microbial
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communities in a complex environment such as the digestive tract [33, 37, 38] and
have also allowed them to transcend to the animal’s metabolome. In our studies, a
positive correlation was found between body weight and OEO from L. origanoides
supplementation with the Firmicutes:Bacteriodetes ratio and Firmicutes levels in cecal
content. Quite fewer Bacteroidetes bacteria than those of Firmicutes have been found
in fat broilers [39], and a similar relationship was found in obese humans experienc-
ing insulin resistance [40]. The addition of 200 ppm of dietary OEO increased the
abundances of Burkholderiales, Actinobacteria, Bifidobacteriales, Enterococcaceae,
and Bacillaceae, whereas it decreased Shigella abundance in the ileum [8].

We also explored the effects of OEO from three chemotypes through the use of
denaturing gradient gel electrophoresis (DGGE) technology on broiler chickens
at high altitude, Origanum vulgare L. (OL), O. vulgare L. ssp. Hirtum (OH), and O.
magjorana (OM) from a greenhouse of Sabana de Bogotd and O. vulgare L. ssp. Hirtum
(OG) from Greece. Bacterial community DNA revealed two main clusters: OEO-
treated chicks and nontreated control chicks. These results indicate that all treatments
with OEO had some effect on the gut microbial communities’ changes. A reduction
of about 50% in mortality caused by Ascites with O. Majorana essential oil and an
average of 68% of all additive-supplemented groups compared to controls indicate a
possible association of pulmonary hypertension syndrome with the use of OEO and
gut microbiota [41].

It is also reported that OEO supplementation increases the abundances of
Ruminococcus, Bifidobacterium, and Enterococcus as well as its Spearman’s correla-
tion positively correlated with the messenger RNA (mRNA) expression of mucins.
Moreover, the relative abundance of Enterococcus was positively correlated with amy-
lase activity [42]. The OEO supplementation enriched the genera Propionibacterium,
Brevinema, and Corynebacterium, whereas the genus Vibrio was enriched in the
control with no OEO supplementation in Cyprinus carpio [3].

6. The OEO and tight junctions as a barrier between intestinal cells

The intestinal barrier is formed by a layer of epithelial cells with intercellular junc-
tion complexes that form a regulated, selectively permeable barrier between luminal
contents and the underlying tissue compartments. These include tight junction (TJ)
proteins, such as claudins (CLDN), occludins (OCL), and zonula occludens (ZO),
which form the continuous intercellular barrier between epithelial cells required
to regulate the selective permeability across the intestinal epithelium to a barrier
function [43, 44]. Although there is limited research about oregano’s effects on tight
junctions in birds, some studies have investigated the potential benefits of its active
compounds on intestinal barrier function. Dietary OEO (150-300 mg/kg) increased
the content of secretory immunoglobulin A and the relative expression of Claudin 1,
Mucin 2, and Avian p-defensin 1 in yellow-feathered chicken’ ileum [31]. The OEO
has been shown to improve intestinal morphology and expression of tight junction
proteins, which are associated with the regulation of selected intestinal bacteria and
immune status in pigs supplemented with 25 mg/kg of OEO for 4 weeks. These results
show that OEO promotes intestinal barrier integrity, probably through modulation
of intestinal bacteria and immune status in pigs [9]. The OEO supplementation in pig
decreased serum endotoxin levels, increased the villus height and expression of the
TJ zonula occludens-1 (ZO-1), signaling pathways and expression of inflammatory
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cytokines such as mitogen-activated protein kinase (MAPK), protein kinase B (Akt),
and nuclear factor kappa B (NF-kB) in the jejunum. A lower population of Escherichia
coli in the jejunum, ileum, and colon, and inactivation of inflammation were observed
too. The supplementation of OEO in production hens’ late phase resulted in a qua-
dratic reduction in the mRNA expression of interleukin 1 (IL-1), tumor necrosis
factor alpha (TNF-a), interferon gamma (IFN-y), and toll-like receptor-4 (TLR-4),
but a linear and quadratic increase of ZO-1 expression in the ileum. It was observed
that the addition of 200 mg/kg of OEO maximized the results [8]. The effect of OEO
on sheep was studied too and it showed that this effect reduces the serum interleukin
2 (IL-2) and TNF- levels as well as mRNA levels of NF-kB, p65, toll-like receptor-4
(TLR-4), and interleukin 6 (IL-6) in the jejune mucosa [42]. All these studies show
that the integrity of the intestinal barrier was improved by OEO treatment.

As mentioned earlier, carvacrol and thymol, two major components of oregano
essential oil, have been studied for their antimicrobial and anti-inflammatory proper-
ties. These compounds have been shown to inhibit the growth of certain pathogenic
bacteria and reduce inflammation in the gut. By modulating the gut microbiota and
reducing inflammation, oregano compounds might indirectly support the integrity
of tight junctions. Additionally, oxidative stress has been implicated in the disruption
of tight junction proteins, potentially compromising the intestinal barrier. The OEO
antioxidant effects could counteract the oxidative stress, thus reducing the oxidative
stress, and may help protect tight junction integrity [45]. However, it’s important to
note that the research on oregano’s effects on tight junctions and the intestinal barrier
is limited, and more studies are needed to fully understand its mechanisms and
potential benefits.

7. The OEO antioxidant properties

The potent antioxidant properties of OEO have also been attributed to these
phenolic compounds: carvacrol, thymol, and rosmarinic acid. They scavenge free
radicals, neutralize oxidative stress, and protect cells from damage caused by reac-
tive oxygen species (ROS). The OEO supplementation in broiler chickens improved
the antioxidant indices in serum, glutathione peroxidase (GSH-Px), superoxide
dismutase (SOD), and glutathione reductase (GR) on day 21 and the activity of total
antioxidant capacity (T-AOC) of birds on day 42 [3]. Similar results were observed
in jejunum, decreasing serum oxidative stress parameters, increasing the activity
of T-AOC, and decreasing of the level of malondialdehyde (MDA) in serum and
jejunum. The oregano leaf-flower oils were shown by the 2,2-diphenylpicrylhydrazyl
(DPPH) free radical scavenging assay that they had the strongest antioxidant activi-
ties, while the stem oils had the weakest, and although the essential oils of each part
showed strong antioxidant activities, their antioxidant capacities were much lower
than those of the synthetic antioxidant butylated hydroxytoluene (BHT) [7]. In
contrast, oregano essential oils from Lippia origanoides Kunt and butylated hydroxy-
toluene (BHT) had similar antioxidant capacities, which can be attributed to the
synergistic action of OEO phenolic compounds [46]. Even more, it is reported that
the radical scavenging activity of the essential oil from Lippia origanoides was higher
than that of BHT but similar to that of a-tocopherol [45]. And Lippia berlandieri
Schauer demonstrated the preservation of ground beef quality to be similar to that
of BHT [47].
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8. Anti-inflammatory properties

The anti-inflammatory effect of OEO has been verified; as mentioned before, the
OEOs inhibit the production of pro-inflammatory cytokines and enzymes, thereby
reducing inflammation in various tissues and organs, which has been demonstrated
in pigs [9]. The OEO downregulates the expression of TNF-q, interleukin 1p (IL-1p),
interleukin 6 (IL-6), IFN-y, and monocyte chemoattractant protein-1 (MCP-1) and
inhibited the activation of c-Jun N-terminal kinase (JNK), extracellular signal-reg-
ulated kinase 1/2 (ERK1/2), and protein kinase B (Akt) in pig jejunum. The greater
inactivation of inflammation was reflected by the mitogen-activated protein kinase
(MAPK), protein kinase B (Akt), and nuclear factor kappa B (NF-kB) signaling
pathways and expression of inflammatory cytokines in the jejunum; downregulated
the relative expression of tumor necrosis factor a (TNF-a) and transforming growth
factor p (TGF-p) as well as a significant increase in nitric oxide, viability, and differ-
entiation into neutrophil-like cells.

9. Other applications

Carvacrol and thymol have demonstrated cytotoxic effects against various cancer
cell lines, including breast, colon, and prostate cancer cells. This activity has been
explained by the management of inflammatory conditions of OEO. The OEO metabo-
lites induce apoptosis (programmed cell death), inhibit tumor growth, and show
promise as adjuvants in cancer treatment. Furthermore, it has been suggested that
OEO oil metabolites, particularly carvacrol, may have antidiabetic effects. They help
regulate blood sugar levels, improve insulin sensitivity, and inhibit certain enzymes
involved in carbohydrate metabolism [10]. However, further research is needed to
establish their clinical significance in diabetes management.

Other applications in ethnopharmacological studies have been found to suggest
L. origanoides for disorders of the genitourinary system used specially by quilombola
women from Oriximina. These applications have also been found to demonstrate an
antispasmodic action, analgesic and antimicrobial uses of other species of Lippia
genus rich in thymol and carvacrol [48]. In addition, oregano has been found to
modulate innate immunity parameters in Lumbricus tervestris [21]. It has also been
shown to improve immune response, activity of digestive enzymes, and intestinal
microbiota of the koi carp, Cyprinus carpio [49].

10. Conclusions

The European oreganos are Origanum spp. have been considered the best ones
because they have a higher content of carvacrol; however, in tropical America and
Africa ecosystems, chemotypes with a high thymol content, such as Lippia Organoides
Spp.» it has been shown that they have functional effects on poultry health and
production.

Oregano essential oils have many benefits for poultry, including strengthening
the immune system, inhibiting pathogenic bacterial growth, improving intestinal
integrity, improving egg quality, and promoting growth performance. It is important
to note that the effectiveness of oregano may vary depending on the dosage and form
of administration.
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Our studies found that Lippia origanoides Kunth is a promising species due to its
high thymol content (close to 80%), low variation in active compounds, and low
percentage of precursors. It also demonstrated strong antimicrobial activity against
pathogenic bacteria and the lowest antimicrobial activity against beneficial bacteria.
Additionally, the OEO supplementation of coccidia-challenged broilers improved
their productive performance, showing that L. Origanoides EO high thymol can be a
viable natural additive to produce chicken meat.

Consequently, OEO has potential as a natural alternative to antibiotics for improv-
ing intestinal health and barrier function in poultry. However, more research is
needed to fully understand the mechanisms underlying these effects and determine
the optimal dosage and duration of OEO supplementation.

In human health, it is necessary to investigate other applications of the OEO for
anticancer, anti-inflammatory, and antidiabetic properties.
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Chapter 8
Essential Oil Extraction Process

Zoubeida Souiy

Abstract

Essential oils can be extracted using various methods. Process choice significantly
impacts yield and quality, leading to the development of processes aiming for maxi-
mum essential oil (EO) yields in a chemical state close to their native structure. In
this chapter, various extraction techniques, including conventional ones and their
intensification, are discussed along with their respective pros and cons. Additionally,
new eco-friendly extraction methods have been introduced to enhance the conven-
tional production of essential oils. The most traditional, straightforward, and widely
utilized extraction techniques are hydrodistillation and steam extraction. In actual-
ity, steam extraction techniques are used to extract 93% of all essential oils. Other
common extraction techniques include enfleurage (particularly used with roses), cold
pressing (just for citrus peel), and organic solvent extraction. The low yield, loss of
volatile chemicals, lengthy extraction durations, and hazardous solvent residues of
these procedures are its drawbacks. Microwave-assisted extraction and supercriti-
cal fluid extraction are two of the latest essential oil extraction techniques that have
received considerable interest.

Keywords: essential oils, hydrodistillation, steam extraction, microwave-assisted
extraction, supercritical fluid extraction

1. Introduction

Essential oil (EO) is a secondary metabolite synthesized by medicinal and aro-
matic plants. It represents less than 5% of the total plant composition. Over 3000
types of EO have been identified, but only 300 were found to be economical [1, 2].

EO is volatile, generally colorless, and liquid at room temperature. It is highly
soluble in organic solvents, alcohol, and fixed oils but sparingly soluble in water. It
has very high optical activity, a variable refractive index, and sometimes a distinctive
taste. In addition, essential oils have a characteristic odor, that is responsible for the
fragrance specific to the aromatic plant. Chemically, EO components can be divided
into terpene compounds and aromatic compounds. It is a mixture of bi-active chemi-
cal components such as terpenoids, terpenes, and phenolic compounds. They are
made up of terpene compounds, acids, alcohols, esters, aldehydes, ketone epoxides,
sulfides, and amines [3, 4].

They are synthesized by the majority of plant organs, in particular flowers, buds,
leaves, seeds, stems, and fruits. These EOs can be stored in epidermal cells, cavities,
and the secretory cells of glandular trichomes.

1 IntechOpen
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EOs are known for their biological activity, notably their antioxidant, antifun-
gal, antimicrobial, antiviral, antiparasitic, antimycotic, and insecticidal properties
[5, 6].

Several extraction techniques are used; Hydrodistillation and steam extraction are
the oldest, simplest, and most commonly used methods. Other extraction methods
can also be used: cold pressing, especially applied to rose.

The EO extraction method generally depends on the botanical material used. It is
one of the main factors determining EO quality. An inappropriate extraction pro-
cedure can damage or alter the chemical composition of EO. This results in a loss of
bio-activity and natural characteristics. In the most serious cases, this is accompanied
by discoloration, an unpleasant odor or flavor, and physical changes such as increased
viscosity [7].

The principle of EO extraction is relatively straightforward. However, the process
chosen can have a significant effect on the yield and quality of the distillate obtained
[8]. Various processes have therefore been developed to obtain maximum yields of EO
with a chemical state as close as possible to their native structure.

According to the European Pharmacopeia, an essential oil can be obtained by
steam distillation, distillation, or a mechanical process. Other processes include
supercritical CO, extraction, volatile organic solvent extraction, microwave extrac-
tion, and ultrasonic extraction. The aim of this chapter is to present an overview of
the various extraction methods.

2. Location and yield of essential oil

Plants have the natural ability to produce volatile compounds in trace amounts.
However, only a small percentage of plant species, around 10%, are considered
“aromatic”. This property of accumulating essential oils is found in specific plant
families distributed throughout the plant kingdom, including Pinacea (pine and
fir), Cupressaceae (cedarwood), and angiosperms. The most significant families are
dicotyledons such as Asteracea (chamomile), Apiaceae (coriander), Geraniaceae
(geranium), Lamiaceae (mint), Illiciaceae (anise), Lauraceae (cinnamon), Rosacea
(rose), Sandatalacea (sandalwood), Myrtaceae (eucalyptus), Myristicaceae (walnut),
Oleacea (jasmine), and Rutacea (lemon). Monocotyledons are mainly represented by
the families Zingiberaceae (ginger), and Poacea (vetiver) [9, 10].

EOs are natural secretions produced by cells and found in plant parts such as
flowers (rose), leaves (lemongrass), flowering tops (lavender), bark (cinnamon),
roots (iris), bulbs (garlic), fruits (vanilla), seeds (nutmeg), or rhizomes (ginger).
Essential oils are extracted from specific parts of plants, such as sage or lavender. The
most concentrated or secretory parts of the plant are harvested at the optimum yield
period, which varies depending on the plant. For example, mints are harvested before
flowering, lavenders during flowering, and seed plants after flowering or after morn-
ing dew for fragile flowers. It is important to note that plant growth conditions can
also affect yield and essential oil content. The collection period and drying methods
can also impact the yield. Therefore, it is crucial to choose the right harvesting time
and drying and extraction methods to obtain the maximum yield and quality of
essential oils [8].

This text reviews both traditional and “green” extraction techniques, compar-
ing their performance with conventional methods and emphasizing the benefits of
“green” technology in plant extraction research.
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3. Conventional extraction methods

Conventional extraction methods can have some drawbacks, such as the degrada-
tion of unsaturated compounds and loss of certain components. It is great to hear
that there are ongoing efforts to improve and optimize extraction techniques and that
these techniques are carefully chosen based on the plant organ and desired product
quality. It is also important to note that the analytical composition of EOs can vary
depending on the extraction technique used and that factors such as distillation dura-
tion, temperature, operating pressure, and raw plant material quality can all influence
EO yield [11].

3.1 Steam extraction

Steam extraction (Figure 1) is a widely used and official method for extracting
essential oils from plants. This method accounts for 93% of essential oil extractions
and can take anywhere from 1 to 10 hours depending on factors such as extraction
time, temperature, pressure, and type of material [12].

In this extraction system, plant material is exposed to a stream of steam without
prior maceration. The heat applied breaks down the cells of the plant material, releas-
ing the essential oil. The steam, saturated with volatile compounds, is then con-
densed, and the essential oil is recovered by decanting the water/oil mixture [13, 14].

One of the advantages of steam extraction is that the absence of direct contact
between water and plant material, and then between water and aromatic molecules,
prevents hydrolysis or degradation of essential oil [15]. The “head” fractions, which
contain the most volatile molecules, can be collected in as little as half an hour, with
95% of the volatile molecules being collected [16].

Evaporation Condensation

A A AA?‘.

Simple
* ** e

Essential oil

Aqueous phase

Water reflux

Energy source

Figure 1.
A schematic representation of steam extraction of essential oils.
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The technique works by ensuring that the combined vapor pressure equals the
ambient pressure at about 100°C, allowing volatile components with boiling points
ranging from 150 to 300°C to be evaporated at a temperature close to that of water.
It is also interesting to note that this technique can be carried out under pressure
depending on the extraction difficulty of the EOs [17].

3.2 Hydrodistillation

Hydrodistillation (HD) (Figure 2) is a standard EO extraction method. It enables
the extraction of water-insoluble natural products with a high boiling point. The pro-
cess involves complete immersion of the plant material in water, followed by boiling.
This operation is generally carried out under atmospheric pressure. The steam formed
is condensed by the refrigeration system at a water flow rate.

This method protects the extracted oils from overheating. The advantage of this
technique is that the required material can be distilled at temperatures below 100°C.

Distillation may seem like a simple process for extracting essential oils, but it
comes with several drawbacks. In developed countries, its use has become outdated
due to the overheating of plant material and the production of burned-smelling oils.
However, this method is still effective for powders and hard materials. It is important
to note that exposure to boiling water for extended periods can cause weathering
reactions and hydrolysis of esters into alcohols and acids, which can have serious
consequences for oils with high ester levels. Rectification is often necessary to remove
unwanted impurities or constituents responsible for unacceptable odor. Distillation
time varies depending on the type of plant material, with woody plant organs requir-
ing longer distillation times than herbaceous plants [18].

3.3 Hydrodiffusion

Hydrodiffusion is another method conventional method for extracting essential
oils from plant materials. It involves the use of steam and water to extract the oils.

Evaporation Condensation

—

o
rrEme
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Essential oil <

Aqueous phase 4 | ‘
TEERR! \

water

Water reflux

Figure 2.
A schematic representation of hydrodistillation of essential oils.
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The plant material is placed on a grid above water in a distillation vessel, and steam

is injected into the bottom of the vessel. The steam then passes through the plant
material, carrying the essential oils with it. The steam and oil mixture then condenses
on a cooled surface, with the oil and water separating into two layers. This method is
particularly useful for extracting essential oils from delicate plant materials, as it uses
lower temperatures and less pressure than other methods [19, 20].

3.4 Cold pressing

One of the oldest extraction methods for essential oils from citrus peels such as
lemon, orange, bergamot, and grapefruit is cold pressing. This technique mechanically
tears the peels by simply pressing them to extract the volatile essences contained in the
citrus pericarps. Until the early twentieth century, cold-pressed citrus oils were pro-
duced manually. The process produces an aqueous emulsion, which is then centrifuged
to separate the essential oil. This method is preferred for citrus peel essential oil extrac-
tion because it avoids thermal alteration of the aldehydes. This process results in the
production of an aqueous emulsion, which is then centrifuged to separate the EO [21].

3.5Enfleurage

Enfleurage is another conventional extraction method that dates back to antiquity.
It is based on the affinity of fragrances for fats, and concerns plants that retain their
fragrance after being picked (such as jasmine or tuberose). The flowers are spread
out on frames coated with odorless grease. The flowers’ fragrance is absorbed by the
grease until saturation. The flowers are changed regularly (e.g., every 24 hours for jas-
mine). When the fat is saturated by the flowers, the operation is complete. Saturation
can last up to a month. The resulting pomade is then melted. After decanting, the
mixture is cold-treated with alcohol. The alcohol draws out the fragrance on its own,
without taking on the fats. This extraction technique is virtually dying out due to its
high cost, and the extracted oils have no applications in the food industry [14, 22, 23].

3.6 Organic solvent extraction

Solvent extraction is commonly employed to extract EOs that exhibit thermal
labile properties, such as those extracted from flowers. The plant material is placed in
a solvent bath. Successive washings charge the solvent with aromatic molecules. After
separation by filtration, the emulsion is distilled to extract the EO.

Solvent extraction has been used for fragile or delicate floral materials, which
cannot withstand the temperature of distillation. Various solvents, including hexane,
acetone, petroleum ether, ethanol, or methanol, can be used for extraction [7].

Solvent extraction is relatively fast and inexpensive. The chosen solvent must be
permissible, inert, and stable to heat, light, or oxygen. Its boiling temperature should
preferably be low to facilitate elimination.

The produced EO contains a small amount of solvent residue, making it unsuitable
for food applications. However, if alcohol is used as the solvent, it is considered “food-
grade” and safe for consumption. This method is commonly used in the perfume
industry [24].

In practice, the solvent is mixed with the plant material, heated to extract the EO,
and then filtered. The filtrate is then concentrated through solvent evaporation. It is
later mixed with pure alcohol to extract the oil and distilled at low temperature.
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However, this method is relatively time-consuming, making the oils more expen-
sive than other methods. Additionally, solvent residues in the final product can cause
allergies, toxicity, and affect the immune system [25].

The limited use of this extraction method is justified by its cost, toxicity and safety
issues, and environmental protection regulations. However, HE yields are generally
higher than with distillation. What is more, this technique avoids the hydrolyzing
action of water vapor.

4.New “green” extraction methods
4.1 Microwave-assisted extraction

Since 1986, microwave energy has been widely used in chemistry laboratories.
Researchers have studied the potential of this unconventional energy source for
synthetic, analytical, and processing applications. Currently, there are over 3000
articles documenting the use of dielectric heating in synthesis and over 1000 articles
documenting its use in extraction.

Microwave-assisted extraction is a revolutionary technology that has garnered a
lot of interest. It has a distinctive friction-based heating mechanism. It is inexpensive,
and performs well under atmospheric conditions.

Microwave-assisted extraction achieves higher extraction yields, shorter extrac-
tion times, and improved selectivity as compared to traditional extraction techniques.
This process is also less complicated and expensive than supercritical fluid extraction.
However, it usually requires for more organic solvent, which makes it less environ-
mentally friendly [26].

Recent methods of microwave-assisted extraction include microwave-assisted
vacuum hydrodistillation, compressed air distillation, and microwave-assisted
accelerated steam distillation [27].

4.1.1 Dielectric heating and fundamentals of microwave extraction

Microwave irradiation utilizes a specific electromagnetic field frequency, similar
to activated photochemical reactions. The frequency range is vast, extending from
300 MHz to 300 GHz, but only certain frequencies are authorized for industrial, sci-
entific, and medical use. These include frequencies of 0.915 and 2.45 GHz. The mag-
netron, found in domestic and laboratory microwave furnaces, is a typical microwave
generator for such frequencies. Industrial magnetrons can reach powers of several
tens of kilowatts, while laboratory devices generally have powers of less than 1 kW.
Solid-state generators have recently been introduced, which narrow the microwave
generator’s emission band, allowing the user to vary the system’s frequency within
the range of authorized industrial, scientific, and medical frequencies. This variation
can play a crucial role in chemical synthesis, particularly with regard to selectivity
and efficiency. However, solid-state generators operating at 2.45 GHz typically have a
power rating of 100 W, which is also frequently used in medical applications [28].

Microwave-assisted extraction (MAE) is a process that removes solutes from a
solid matrix into a solvent. The process involves complex phenomena such as heat
transfer electromagnetic transfer, mass transfer, and momentum transfer [29].
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4.1.2 Microwave solvent-assisted extraction

Microwave solvent-assisted extraction (Figure 3) have revolutionized the field of bio-
active compound extraction. This technique has significantly reduced extraction times,
minimized organic solvent consumption, and resulted in energy and cost savings [30].

Moreover, microwave solvent-assisted extraction is an environmentally friendly
and sustainable method that contributes to the development of “green” procedures.

A new and efficient method for extracting essential oils from Angelica sinensis
root has been developed using a microwave-assisted deep eutectic natural solvent
(NADES). The study found that NADES based on choline chloride and citric acid
were more effective in extracting essential oils [31].

4.1.3 Compressed air microwave distillation (CAMD)

This method (Figure 4) uses the principle of steam entrainment, with compressed
air instead of steam, to extract the essential oil. The extraction process consists of a
compressor, a microwave oven and a refrigeration system. Compressed air is injected
into the reactor, where the matrix is heated by microwaves and immersed in water.
The steam, saturated with volatile molecules, is directed to a recovery container
located outside the microwave oven and cooled by a refrigeration system. In just a few
minutes, the water and aromatic molecules are condensed and recovered [30, 32].

A similar method using a condenser to cool the extraction gas (temperatures
ranging from —20 to —15°C) has also been patented [33]. This extraction method is
environmentally friendly, as no organic solvents or artificial chemical compounds are

added.

44— Condenser

-« Microwave oven

Vessel

Extraction solvent

sample

Figure 3.
Experimental set-up for microwave solvent-assisted extraction.
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Figure 4.
A schematic representation compressed air microwave distillation.

4.1.4 Microwave hydvrodistillation (MWHD)

The MWHD (Figure 5) was developed by Stashenko et al., in 2004. It is based on
the classic hydrodistillation principle. The process consists of a hydrodistillation unit
placed inside a domestic microwave oven with a side port, through which an external
glass condenser is connected to the round filter containing the matrix and water [34].

Microwave hydrodistillation is a widely used technique for extracting essential oils
from various aromatic plants and spices, with examples such as Thymus vulgaris L.,
Zataria multiflora Boiss., and Satureja montana.

Condensation
Essential oil <
—i
Aqueous phase
Water -—-“";-"* o

Mi crowave gven

Figure 5.
Microwave hydrodistillation.
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An improved version of this technique was developed in 2007, which involves
introducing a microwave coaxial antenna insulated inside a glass flask containing the
matrix and water [35]. This in situ microwave heating offers advantages in terms of
time and energy savings and can be useful for industrial applications.

Microwave Steam Distillation (MSD) (Figure 6) is another innovative technique
that was developed. It is based on the conventional steam distillation principle and has
been successfully used for the extraction of essential oil from Lavender flowers [30].

4.1.5 Solvent-free microwave extraction (SFME)

This is one of the most recent techniques for the microwave-assisted extraction of
essential oils, without solvents and using water at atmospheric pressure. The SFME
process consists mainly of four parts: a reactor where the matrix to be treated is
placed, a microwave oven, a cooling system, and an essential oil container where the
oil is collected (Figure7).

The process is based on a relatively simple principle, described as microwave-
assisted dry distillation; the fresh matrix is placed in a microwave reactor without
the addition of water or organic solvent. Heating the raw material with water breaks
down the glands containing the essential oil. This phase releases the essential oil,
which is then carried away by the steam produced by the water in the matrix. A
cooling system located outside the microwave oven enables continuous condensation
of the distillate, composed of water and essential oil, and the return of excess water

Condensation
Essential oil <
>
> Aqueous phase
Water — | .
/ 1
v
4 i
Microwave oven
Sample  Ragetor
Steam Support
generator

Figure 6.
Microwave steam distillation (MSD).
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Figure7.
Improved solvent-free microwave extraction (improved SFME).

to the bottle, thus maintaining the appropriate moisture content of the matrix. For
example, Milestone’s “DryDist” laboratory microwave oven makes it easy and effi-
cient to extract high-quality essential oils.

Wang et al. in 2006 proposed an improved SFME extraction method. The method
is based on the addition and mixing of carbonylated iron powder with the dry matrix.
Spherical particles of carbonylated iron are capable of absorbing part of the energy
emitted by microwaves and returning it to the medium in the form of heat. In this way,
the matrix can be heated by simple conduction without any auxiliary energy. Various
types of materials such as activated carbon, graphite powders, and ionic liquid (1-hexyl-
3-methylimidazolium hexafluorophosphate) can absorb microwave radiation [36].

4.1.6 Microwave hydrodiffusion and gravity (MHG)

The Microwave Hydrodiffusion and Gravity (MHG) process was invented by a
team of researchers led by Dr. Farid Chemat at the University of Avignon in France
[37]. The team developed the MHG process as an alternative to traditional methods of
essential oil extraction, which can be time-consuming and require large amounts of
energy. The MHG process was first introduced in 2004 and has since gained popular-
ity in the essential oil industry due to its efficiency and effectiveness.

The process of Microwave Hydrodiffusion and Gravity (MHG) involves the fol-
lowing steps:

* Preparation: The plant material, such as herbs or flowers, is first cleaned and
dried to remove any impurities.

* Loading: The dried plant material is placed in a vessel that is suitable for micro-
wave heating, such as a glass container or a microwave-safe bag.
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* Microwave Heating: The vessel containing the plant material is exposed to
microwave radiation. The microwaves generate heat, causing the essential oil
compounds within the plant material to vaporize.

* Hydrodiffusion: As the plant material is heated, water molecules present in the
plant cells also vaporize. This creates a hydrodiffusion effect, where the vapor-
ized water carries the essential oil compounds with it.

* Condensation: The vapor containing the essential oil compounds and water is
then cooled down, causing it to condense. The condensation occurs in a separate
container or condenser unit.

* Separation: The condensed mixture of essential oil and water is then separated.
This can be done using techniques such as decantation or using a separating
funnel.

* Collection: The essential oil, which is lighter than water, floats on top and can be
collected from the separated mixture.

* Analysis and Storage: The collected essential oil can be analyzed for quality and
stored in suitable containers to preserve its aroma and therapeutic properties.

4.2 Supercritical fluid extraction

Supercritical fluid extraction (SFE) is a separation technique that utilizes super-
critical fluids as the extracting solvent. A supercritical fluid is a substance that is
above its critical temperature and pressure, which results in unique properties that
make it an effective solvent for extraction.

The principle of SFE is based on the fact that the solubility of a substance in a
supercritical fluid increases with pressure, while the density of the fluid increases
with pressure and temperature. By adjusting the temperature and pressure, the
solubility of the substance can be controlled and optimized for extraction.

In SFE, the supercritical fluid is pumped into a vessel containing the sample to be
extracted. As the fluid passes through the sample, it dissolves the target compounds,
which are then carried out of the vessel and into a collection vessel by depressuriza-
tion or by lowering the temperature. The extracted compounds can then be separated
from the supercritical fluid by condensation or by other means.

SFE has several advantages over traditional extraction methods, including reduced
solvent use, shorter extraction times, and higher yields of target compounds.

Supercritical fluid extraction (SFE) can be performed in a variety of ways: batch,
semi-batch, or continuous. Plant material is placed in a container and supercritical
fluid is added at a specific flow rate until the appropriate extraction conditions are
reached. Compared with conventional solvent extraction methods, supercritical fluid
extraction offers several advantages, including a lower temperature suitable for ther-
mosensitive compounds and a solvation power that can be controlled by modifying
pressure and/or temperature, enabling high selectivity. Supercritical fluids are more
effective than liquid solvents in penetrating porous materials and extracting com-
pounds, resulting in faster extraction and a more environmentally friendly process.
CO, and small amounts of organic solvents can be used as nontoxic fluids, and this
method can be used on an industrial scale [38].
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However, high pressures should be avoided when extracting essential oils to
prevent the extraction of undesirable compounds.

To ensure the success of EFS, various factors need to be taken into account, such
as sample type, preparation, fluid type, delivery method, and extraction conditions.
CO, is commonly used due to its low critical temperature, cost-effectiveness, nontox-
icity, absence of odor and taste, and ease of disposal. Adjusting the process conditions
makes it possible to selectively extract the desired components. Compared with steam
distillation, EFS has shorter extraction times, lower energy costs, and greater selectiv-
ity. The EFS method also makes it easier to manipulate oil composition by modifying
extraction parameters [39].

5. Conclusion

In conclusion, there are multiple methods for extracting essential oils, and the
process chosen can greatly affect the amount and quality of the oil produced. To
maximize yields and maintain the natural structure of the oils, extraction processes
have been developed. This chapter explores different extraction techniques, both
conventional and intensified, highlighting their advantages and disadvantages. It is
improved that new techniques have been proven to produce higher quality extracts
in a shorter time compared to traditional techniques. However, regulatory standards
do not list these extracts derived from innovative techniques as essential oils due to
the narrow definition of essential oils based solely on conventional extraction meth-
ods. Furthermore, new environmentally friendly methods have been introduced to
improve traditional essential oil production. Therefore, it is becoming increasingly
crucial to modify or re-establish industry standards to encompass a broader range of
extraction techniques.
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Chapter 9

Application of Essential Oils on
Active Packaging Systems

Imen Dridi, Ahmed Landoulsi and Nadia Smirvani

Abstract

Millions tons of food waste are annually generated, causing serious environmental
problems. Indeed, the degradation of food quality occurs naturally due to its vul-
nerability to biochemical reactions such as protein degradation, lipid oxidation,
and microbiogical attacks. This huge waste mass can be minimized throughout the
food supply chain by many methods including increasing the shelf life of products.
Therefore, active food packaging, which not only contains and protects food but also
interacts with packaged products, is used. Nevertheless, the migration process, which
is defined by the transfer of chemical compounds from the food packaging to the
food, may cause changes in the food product quality and safety. Active packaging can
contain several additives, allowing them to have antibacterial, antioxidant activities,
oxygen, carbon dioxide, and ethylene scavengers, carbon dioxide emitters, odor emit-
ters and absorbers, relative humidity regulators antibacterial antioxidants. Essential
oils (EOs) are popular for their natural antimicrobial and antioxidant properties that
are increasing consumer demand due to the perception of their ‘safer’ natural origin.
The purpose of this chapter is to study the incorporation of EOs in the active packag-
ing formulation.

Keywords: food waste, active packaging, essential oils, incorporation, antibacterial
activity, antioxidant activity

1. Introduction

According to FAO (2019), approximately 14% of the world’s food production is
lost, resulting in a contribution of 8-10% to global greenhouse gas emissions [1]. Thus,
food waste is a significant economic, environmental, and social issue. Consequently,
ensuring sustainable consumption and production patterns by reducing food losses
along production and supply chains is one of the United Nations’ 2030 Agenda for
Sustainable Development targets [2]. Food lost waste (FLW) can be defined as the
mass of food wasted during food chains. FLW can occur during production, posthar-
vest, and processing stages.

One of the solutions to reduce FLW is the extension of food shelf life by innovative
packaging technologies. Food packaging has a critical role in the food supply chain. Its
basic function is containing food, facilitating its transport, and preventing any physi-
cal damage. Moreover, food packaging should preserve food safety and quality from
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the production stage until consumption [3]. Hence, the packaging acts as a barrier

to protect the food from many environmental factors including oxygen, light, mois-
ture, dust, pests, volatiles, and both microbiological and chemical contamination.
Furthermore, packaging contributes to establishing convenient storage conditions for
the consumer, which reduces food degradation [4].

Food packaging’s role is continuously being ameliorated in response to consumer
needs. Who are always willing for healthier, safer, and higher quality foods with long
shelf life. In this optic active packaging (AP) was developed as a novel method of food
preservatives [5]. Taking into account that AP is defined by the European regulation
(EC) No 450/20009, as systems designed to deliberately incorporate components that
would release or absorb substances into or from the packaged food or the environment
surrounding the food [6]. Active packaging including antioxidant packaging, antimi-
crobial packaging, moisture absorbers, carbon dioxide emitters, and ethanol emitters.
AP systems can be subdivided into active releasing systems (emitters) and active scav-
enging system (absorbers) [5]. AP scavenging systems are oxygen scavenger, moisture
scavenger, and ethylene absorber. The presence of moisture in packaging affects food
quality including appearance and texture. Several desiccants such as Zeolits and silica
are usually used to prevent these problems [7]. Ethylene is responsible for chlorophyll
degradation; moreover, it may be incriminated in shortening life of leafy products.
Therefore, using ethylene scavengers, including Zeolites, nanoparticles and potas-
sium permanganate can prevent food degradation [7].

The presence of oxygen in packaging can lead to product oxidation and the devel-
opment of several aerobic microorganisms, resulting in the loss of some nutritional
elements and the modification of color and taste. That is why using oxygen scaveng-
ing (OS) agents is a useful solution. Oxygen-scavenging gents can essentially include
metallic, organic, polymer-based, or enzyme-based [8].

Metallic OS such as iron powder, activated iron, ferrous oxide, Co (II), iron salt, and
Zn are oxidized in the presence of moisture. Iron-based OS are the most used agents
for the conservation of packaged food, due to their low price and efficiency. However,
using iron-based scavenging films have some drawbacks such as metal contamination
of food and the reduction of its efficiency in high temperature [8]. Hence, researchers
are substituting iron-based OS by organic agents (OA) such as tocopherol, ascorbic
acid, ascorbic acid salts, isoascorbic acid, catechol, hydroquinone, sorbose, lignin,
polyunsaturated fatty acids gallic acid, characterized by their low-molecular-weight
oligomers. These agents have the possibility to be added to oxygen-scavenging poly-
mers or polymer films. Indeed, side chains react with oxygen, or the backbone is
broken apart when the polymer reacts with oxygen. Despite the advantages of organic-
based scavenging films, it presents several drawbacks such as its relatively high cost and
lower scavenging activity [9]. Polymer-based oxygen scavengers presents a new side
of OS agents such as polymer-metal complexes, polyolefin, and oxidation-reduction
resins. The main drawback of polymer-based oxygen scavengers is the possibility of
by-product generation, such as organic acids, ketones, or aldehydes, during the reac-
tion between oxygen and polyunsaturated molecules such as fatty acids affecting the
color and the flavor of food products [10]. Another approach is, also used for oxygen
scavenging in food packaging is the use of enzyme such as the mixture glucose oxidase
and catalase. United enzyme oxygen scavenging systems are sensitive to variations in
water activity, pH, salt content, and temperature.

Recently, natural products gained in popularity over synthetic products because
of their ‘safe status’ and their lower perceived risk. Several studies have shown that
natural product sources including flavonoids, polyphenols, tocopherols, and essential
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oils (EOs), extracted from plants may be valuable in food industry. These molecules
are reported to be potential candidates for being included in AP [11, 12]. EOs are
characterized by their complex and rich composition, conferring them a potential
antioxidant and antimicrobial activity [12, 13]. The present study will focus on the
possibilities of using EOs as effective alternatives or complements to synthetic chemi-
cal compounds in the AP system.

2. Essential oils

Essential oils are defined by ISO as ‘Product obtained from vegetable raw material
either by distillation with water or steam or from the epicarp of Citrus fruits by a mechan-
ical process, or-by dry distillation’ [14]. Buchbauer and his collaborators [15] also define
them as ‘more or less volatile substances with more or less odorous impact, produced either
by steam distillation or dry distillation or by means of a mechanical treatment from one
single species’. Essential oils are famous for their rich composition, mainly aromatic
and volatile compounds. Indeed, EOs are composed of 85-99% volatile and 1-15%
nonvolatile compounds. Volatile compounds are mainly terpenoids, aldehydes,
ketones, esters, methoxy derivatives, acids, alcohols, phenols (eugenol), and methy-
lenedioxy compounds (myristicin). These compounds confer to EOs many biological
activities and make them an integral part of everyday life [15, 16]. EOs composition
depends on many factors including plant species age, genetic factors, time of harvest,
season, and extraction method [11, 17]. EOs are utilized for perfume and cosmetic
product formulation. Moreover, they are used in the formulation of deodorizers,
air fresheners as well as in the formulation of several pharmaceutical products. In
agriculture, EOs are used as biocides. Furthermore, EOs are mainly used in the food
industry for their flavors and their antioxidant and antimicrobial properties [18].
Synthetic preservatives are used in the food industry but can induce allergic reactions,
intoxications, and even cancer. Therefore, industries are looking for other alterna-
tives such as plant extracts and EOs characterized by their potential antimicrobial
and antioxidant activities. Recently, there is a growing interest in the use of EOs in
food packaging and in food due to their Generally Regarded as Safe (GRAS) and their
significant antioxidant and antimicrobial activities [18].

3. Essential oil incorporation technology in active packaging

The EOs, which are known for their biological properties, are increasingly being
employed as natural preservatives in food packaging. This approach tends to limit the
usage of synthetic additives, increasing consumer acceptance of safe products [19].
Indeed, the EOs compounds can be progressively released at a suitable rate from the
active packaging into the atmosphere surrounding the food product, exerting their
positive antibacterial and antioxidant effects and, therefore, increasing the shelf life
of the food product [20].

However, the EOs are challenging to efficiently include in active food packaging
due to their volatilization, insolubilization in water, and chemical instability. Asa
result, these active agents must be integrated into matrices to sustain their biological
characteristics during packaging manufacturing and then during various stages of
food transportation and storage [18, 21]. Furthermore, to enhance the EOs biological
effects in active packaging, optimal retention, and sustained, controlled release are
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required. This latter feature is particularly essential in extending the shelf life of the
foods by prolonging the release period of EO compounds for keeping a continuous
biological activity [22].

Several approaches have been taken to develop controlled-release active packag-
ing. All of them are based on the use of biodegradable polymers or copolymers with
filmogenic properties, such as polysaccharides (cellulose, starch, and chitin), proteins
(gelatin, zein, gluten, and casein), and lipids [23]. To these promising vehicle poly-
mers, plasticizers, crosslinking, and reinforcing agents can be added to enhance the
mechanical properties of film packaging [24].

The EOs can be included in polymer matrices by simply blending film ingredients
and casting methods to film formation or by employing several encapsulation tech-
nologies for EOs incorporation in active packaging film matrices. The casting method
is widely used in the production of film packaging [25-30]. It simply entails spreading
over a flat surface a prepared film-forming solution containing an active ingredient
such as EOs and a filomgenic polymer, both dissolved in a solvent. The solvent is then
removed by drying. A plasticizer that changes three-dimensional organization, lowers
attractive intermolecular interactions, and increases free volume and chain mobility is
typically added to the basic film recipe. Glycerol is the most common plasticizer used
for its stability and compatibility with hydrophilic biopolymers. As a result, the film
has greater extensibility and flexibility, both of which are important in film design
[31]. However, the direct incorporation of EO in active films via the blending and
casting methods has several limitations. It has been stated that microencapsulated
oregano EO in soy protein concentrate films provides emulsion-based products with
better mechanical properties as well as antibacterial action against food pathogens
compared to films containing free EO [32]. Therefore, EOs encapsulation, applied to
active films, constitutes an interesting alternative for preserving the active agents. It
consists of forming a physical barrier between the active agent and the surrounding
environment, providing the created capsules physical and chemical stability as well as
enhanced biological (antibacterial and antioxidant) and functional qualities (better
handling) [33].

Encapsulation is the process of entrapping active agents (core materials as EOs) by
another substance that serves as the wall material, resulting in nanometer, microm-
eter, or millimiter capsules [18, 34]. Furthermore, encapsulating EOs before forming
active films is more efficient because it increases EO stability and bioavailability and
enables controlled release to the external medium around the encapsulated particles
by the diffusion process. This is the primary role of active film packaging in preserv-
ing food products [35]. Zhang and his collaborators [22] emphasized the necessity of
gradual release of EO components and a prolonged sustained release time of EO to
ensure the efficiency of antibacterial activity throughout the shelf life of food goods.

Microcapsules or nanocapsules can be generated depending on the encapsulation
technology specificity. Several investigations on active agent nanoencapsulation have
recently been published [33, 36, 37]. Kapustova and his collaborators [38] stated
that the nano-range (10~°) of nanocapsules, which are a thousand times smaller
than microcapsules, increases the surface-to-volume area for better efficiency in the
delivery of EOs to targeted locations with greater stability and dispersibility.

Encapsulating technologies were classified into two categories: those that use
chemical processes such as complex coacervation, liposomes, solid nanoparticles, and
ionic gelation and those that rely on physical processes such as spray drying, extru-
sion, and solvent removal [39]. In general, more than one of the above technologies is
often used to produce the desired microcapsules [40].
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Furthermore, emulsifying the EOs compounds is usually required prior to encap-
sulation; it is considered as a preencapsulation step [41]. To stabilize the emulsion,
high shear [42], or high pressure [43] or ultrasonication [44] must be used to homog-
enize the wall-core material. Nevertheless, droplets (oil in water) have such aloose
structure they cannot effectively protect active substances; therefore, they must be
immobilized in a solid matrix [45].

3.1 Encapsulation methods based on physical processes

Spray drying is commonly used to encapsulate EOs compounds [43, 46, 47]. Itis
primarily based on a three-step process: (1) wall-core material dispersion prepara-
tion, (2) wall-core material dispersion homogenization, and (3) dispersion atomiza-
tion and drying [18]. The wall material must be carefully selected to improve EO
component retention while also preventing oxidative alterations and volatilization
[18]. Whey protein is commonly used as a wall material to facilitate emulsion forma-
tion and interfacial stabilization. Other additives, such as maltodextrins, can be
employed to aid the encapsulation process, resulting in a bigger crust surrounding the
drops and adequate oxidation protection [48].

Talon and his collaborators [43] examined whey protein and lecithin as wall
materials for spray drying encapsulation of eugenol (7%). Both have been found
to be effective against antioxidant and antibacterial properties when tested on
Escherichia coli and Listeria innocua. Zhang and his collaborators [47] used spray
drying technology to encapsulate a mixture of three EOs in gelatin-chitosan: cin-
namon (Cinnamomum cassia), peppermint (Mentha haplocalyx), and lemon (Citrus
limon). The EO combination exhibited a synergistic antibacterial activity based on the
cooperation of different EOs.

Extrusion is often used to encapsulate active agents [34]. It works by forcing a
substance through an orifice of varying width and shape according on the desired
capsules [49]. Five extrusion technologies are used based on extruder specificity
and other parameters: (1) hot-melt extrusion, (2) melt injection, (3) centrifugal/
co-extrusion, (4) electrostatic/electrospinning, and (5) particle from gas-saturated
solution. In hot-melt extrusion, the wall material is first introduced to the extruder,
after plasticized, the active agent is applied to promote the interaction of the wall and
core materials. In melt-injection, the active agent is directly dispersed in the heated
wall material (80-140°C), then pressed through orifices into a bath of cold solvent to
allow capsule solidification. Both extrusion processes required polymers with high
flow characteristics and active agents that could endure high temperatures.

In co-extrusion technology, the wall and core materials are introduced separately
through several nozzles located on the extruder’s exterior surface. The wall material
and active agent come into contact at the interface due to centrifugal forces, result-
ing in a polymerization reaction and the formation of microcapsules [34]. Because it
requires less energy for encapsulation, this co-extrusion method is particularly suited
for EOs compounds and probiotic bacteria as active agents.

Electrostatic extrusion, known as electrospinning, is a one-step process for
producing micro and nanocapsules [50]. The introduction of an electric field between
a charged needle (containing the microcapsules) and the collecting solution causes
the microcapsules to be unable to stand at the mouth of the needle, resulting in the
formation of a charge stream of small drop [34]. Since, electrospinning operates at
ambient temperature and atmospheric strain, it is particularly suited to the encapsu-
lation of EOs compounds [51].
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3.2 Encapsulation methods based on chemical processes

Complex coacervation is largely employed for active agent encapsulation such as
EOs [44, 52, 53]. It is mostly achieved by electrostatic forces of attraction between at
least two polymers with opposite charges in aqueous fluids, with small contributions
from hydrogen bonding, van der Waals forces, and hydrophobic interactions. As a
result, the colloidal system separates into two liquid phases: one polymer-enriched
precipitate phase and one polymer-depleted precipitate phase [54].

Polymers involved in coacervation are proteins and polysaccharides as wall
material for the encapsulation of the active agent. This one is incorporated through
emulsification in wall material to provide stability and protection. Finally, the
capsules are separated using a physicochemical environment destabilization (pH and
temperature) [18].

Ban and his collaborators [44] used coacervation to encapsulate ginger EOs in a
mixture of chitosan (CH) and sodium carboxymethyl cellulose (CMC). The micro-
capsules with the same CH/CMC ratio have a crosslinking structure that may bind
EOs, resulting in a high encapsulation efficiency (88.5%) and retention rate of volatile
EO release to extend jujube shelf life.

Cyclodextrins (CDs) have been regarded as one of the preferred encapsulating
polymers in the pharmaceutical industry and, recently, in the food industry [55]. CDs
are a distinct family of molecules that are produced naturally through the degradation
of starchy compounds. They are classified into three types: a-, p-, and y-cyclodextrins
and made up of D-glucose units linked together by glycocidic bonds between a-(1,4)
carbon atoms. The toroidal structure of these compounds provides a hydrophobic
interior cylindrical cavity and hydrophilic sides. As a result, the central cavity can
form a stable combination with a guest molecule [37, 56]. EOs are well suited to being
encapsulated in cyclodextrins, and so remaining protected while being released
from the inclusion complex at a controlled rate, which is ideal for active packaging
applications.

Silva and his collaborators [55] recently developed CD polymers such as CD
nanosponges (CD-NS). These nanosponges are innovative crosslinked cyclodextrin
polymers nanostructured within a three-dimensional network. They provide better
stability and formulation flexibility with sustained release.

The technology of ionic gelation encapsulation has received a lot of attention
in recent years because of its high adaptability to many types of active agents and
low-cost approach [32]. This technology is particularly useful for encapsulating EO
compounds to protect them from environmental deterioration [57, 58]. It is based
on the ionic crosslinking of a polymer solution containing the active substance to
encapsulate in the presence of multivalent cations [59]. As a result, complexation
between oppositely charged species occurs under continual agitation [39]. Alginate
and chitosan are the two most common coating materials. Both are nontoxic, highly
biocompatible polymers with good mechanical resistance, making them appropriate
for active food packaging applications [23].

Solid lipid nanoparticles (SLNs) are gaining popularity as attractive carriers for
bioactive agents, particularly those with a lipophilic character such as EOs. SLNs are
nanometer-sized colloidal particles formed from oil-in-water emulsions contain-
ing lipids that are solidified at room temperature and stabilized by the addition of
a surfactant. The advantages of SLNs over other encapsulation methods include
their biodegradability, gradual degradation, sustained release of active agent, and
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Essential oil References

EO incorporation

technology in AP

Active packaging matrices

Blending
Casting method

Torch ginger (Etlingera elatior
Jack) inflorescence

Torch ginger EO (0.1-0.8%) [29]
was incorporated into starch

solution at 3% (w/v) and 0.3%

of glycerol (w/v) as plasticizer

The active film was tested on

chicken meat

Encapsulation
* Emulsion

Casting method

Apricot (Prunus armeniaca)
kernel

Apricot kernet EO was [26]
incorporated to chitosane with

acetic acid as a solvent and

Tween 80

The film was tested for bread

slices

Lemongrass (Cymbopogon
citratus L.)

Lemongrass EO was [61]
incorporated into two different
formulations of biopolymer
emulsions chitosan-gelatin
and pectin-gelatin. Glycerol
and Tween 80 were added asa
plasticizer and an emulsifier,
respectively, to the biopolymer
solution

The film was tested on storage
of raspberries

Encapsulation
¢ Emulsion
¢ Jon gelation

Casting method

Lemon

Emulsion was produced with [24]
Chitosan, Tween, and lemon.

Then, tripolyphosphate solution

was added to form nanocapsules

The freeze-dried nanocapsules

were added to Grass carp

collagen to prepare edible films

The film was tested on storage

of chilled pork

Encapsulation:
Spray drying

Mixture of three EOs:Cinnamon
(Cinnamomum cassia),
peppermint (Mentha
haplocalyx), and lemon (Citrus
limon)

A mixture of three EOs [47]
cinnamon, peppermint, and

lemon (Citrus limon) were

incorporated in gelatin-chitosan

material by spray drying

Encapsulation:

* Extrusion:
melt-injection

* Rose (Rosa eglanteria) seed EO

* Ginger (Zingiber officinalis)
root

Low-density polyethylene [62]
(LDPE) pellets and active

agents were mixed and melted

together, then cooled and cut

into granules. The extruded

granules were fed to a blown

film extrusion machine

The film was tested on fresh

meat

Encapsulation
¢ Emulsion
¢ Coacervation

¢ Freeze drying

Ginger

Ginger EO was incorporated [44]
in polysaccharides, a mixture

of chitosan and sodium

carboxylmethyl cellulose

The microcapsules were tested

on postharvest jujube fruit
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EO incorporation Essential oil Active packaging matrices References
technologyin AP
Encapsulation Cinnamon Cinnamon EO (0.5-3 g) was [50]

encapsulated in polyvinyl
alcohol and p-cyclodextrin
* Electrospinning polymers, producing
nanofibrous films

¢ p-Cyclodextrin

The nanofibrous film was tested
on the preservation of fresh
strawberries at 4°C for 18 days

Encapsulation: Thyme Thyme EO was incorporated in a [63]
zein solution with 30% (w/v) of

zein in glacial acetic acid

Zein nanofiber film was tested for

the packaged strawberries

¢ Electrospinning

Table1.
Technological trends of active film packaging containing EO.

greater encapsulation effectiveness for lipophilic substances [60]. Table 1 reports
technological trends of active films packaging containing EO in the last 6 years
(ScienceDirect—Elsevier).

4. Incorporation of EOs in active packaging system as antimicrobial agent

Several microorganisms are a threat for food sustainability and human health.
They are implicated in quantitative and qualitative food loss [64]. Indeed, in 2011,
it was estimated by the Food and Drug Administration (FDA) that 1.3 billion tons
of food are annually discarded owing to their contamination by microbial spoilage,
contributing to food insecurity and financial losses. Despite the evolution of produc-
tion and packaging techniques, food contamination by pathogenic microorganisms
has remained a persistent global challenge. Currently, there is a growing interest
in integrating EOs as antimicrobial agents in food and food packaging [18]. Many
previous studies have found that several EOs are efficient against diverse microbes
including yeast, bacteria, fungi, and viruses [16, 18, 65].

Some EOs compounds such as aldehydes, phenols and oxygen-containing terpenes
especially compound-containing phenol groups are characterized by their potential
antibacterial activity [66, 67]. Indeed, phenolic compounds are implicated in the
destruction of the bacterial cell membrane and permeability. The hydroxyl groups
carried by the phenolic compound are implicated in the inhibition of microorganism
enzyme activity. Eugenol and carvacrol are also reported to be potential antimicrobial
agents [20].

Previous works showed that antibacterial activity of EOs depends on many factors
including the bacterial cell wall composition [68] and cellular shape [65]. Indeed, it was
shown that Gram-negative bacteria are more resistant than Gram-positive bacteria to
EOs [68]; moreover, rod-shaped bacteria are more susceptible to EOs than cocci [69].
The antibacterial activity of EOs is associated with their lipophilic nature, enabling
their accumulation in membranes, and making the membrane their main target [68].

To avoid food deterioration by microbial contamination, antimicrobial agent
can be mixed into the initial food formulations, which may affect the taste of the
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Essential oil Microorganisms References
Cinnamon and clove EOs Penicillium commune and Eurotium amstelodami [72]
Clove buds Staphylococcus aureus, Listeria monocytogenes, [73]
Salmonella typhimurium, and Escherichia coli
Oregano and garlic EOs Escherichia coli, Salmonella enteritidis, Listeria [74]
monocytogenes, Staphylococcus aureus, and
Penicillium spp
Trachyspermum ammi EO (Ajowan) Pseudomonas spp., Staphylococcus aureus [75]
Cinnamon, melaleuca and citronella Salmonella sp., Pseudomonas aeruginosa, [76]
EOs Staphylococcus aureus, Escherichia coli, Aspergillus
niger, and Staphylococcus epidermidis
Cinnamon EO Listeria monocytogenese, Listeria gavayi [77]
Thyme EO Escherichia coli [47]
Torch ginger (Etlingera elatior Jack) Bacillus subtilis, Staphylococcus aureus, Listeria [29]
inflorescence EO monocytogenes, Salmonella typhimirium, and
Escherichia coli
Laurus nobilis L. leaf EO) Bacillus ceveus and Salmonella typhimurium [78]
Anise (Pimpinella anisum L.) Escherichia coli, Staphylococcus aureus, [79]
Saccharomyces cevevisiae, and Aspergillus niger
Mixture of three EOs: Cinnamon E. coli, Salmonella typhimurium and [21]

(Cinnamomum cassia), Peppermint

Staphylococcus aureus

(Mentha haplocalyx), and lemon
(Citrus limon)

Table 2.
Incorporation of EOs in active packaging system as antimicrobial agent.

food [70]. Antimicrobial agents, including EOs can be also applied directly by
brushing, dipping or spraying on the food surface. Nevertheless, active agent of
antimicrobial substances may be evaporated, inactivated or can migrate into the
bulk of the foods [71]. Thus, the incorporation of t EO on the packaging film,
where they are gradually released to the food surface reducing the contamination
and the development of microbial agent, provide better efficiency for foodstuffs
preservation. Table 2 illustrates many recent works published in the last ten years
using EOs as antimicrobial agents in active packaging.

5. Incorporation of EOs in active packaging system as antioxidant agent

Food oxidative damage is initiated by the interactions of reactive oxygen species
(ROS) including superoxide radicals (0,%), hydrogen peroxide (H,0,), and hydroxyl
radicals (OH™) with oxidizable compounds. Food oxidative damages usually are
implicated in shortening food shelf life, loss of color, odor, and flavor and lowering
nutritional value [80].

Amorati and his collaborators [81] have defined an antioxidant compound by
its ability to slow or retarding the oxidation of another material allowing protection
from oxidative stress. Antioxidants can be classified into two main groups (preven-
tive antioxidants and chain-breaking antioxidants) depending on their mechanism
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of action. Preventive antioxidants inhibit the initiation of radical species formation
processes such as enzymes (catalase and superoxide dismutase) and metal chelators
(phytic acid) [81]. Chain-breaking antioxidants inhibit or block autoxidation by
reacting speeder than oxidizable substrate, forming neutral chemical species that
cannot propagate the oxidation chain [81].

Thermoplastic films are used in packaging to exclude oxygen, avoiding the inter-
action between ROS and foods [82]. Nevertheless, using Thermoplastic films gener-
ates nondegradable packaging waste, and many new laws were proposed to reduce or
ban single-use plastics [83].

Many previous studies have reported that EOs have a potential antioxidant activity
contributing in the attenuation of free-radical oxidative reactions [13, 84]. EOs can
prevent lipid oxidation in food through the inhibition of the food oxidative initiation,
terminating peroxides, blocking the formation of singlet oxygen [85, 86].

Even though the large chemical diversity of EOs composition, the main com-
ponents of common EOs can be classified into two structural families: terpenoids
(monoterpene, sesquiterpene, diterpene) and phenylpropanoid [81]. Both terpenoid
and phenylpropanoid contain phenolic compounds, which are antioxidants owing
to their high reactivity with peroxyl radicals [87]. Moreover, phenolic compounds,
ethers, aldehydes, ketones, and certain alcohols can enhance the antioxidant proper-
ties of the EOs [88]. Eugenol and carvacrol are also reported to be potential antioxi-
dant agents [20].

Essential oil Antioxidant effect of EO References

Citrus sinensis (L.) Shelf life extension of Pink shrimp (Parapenaeus longirostris) by about [92]

Osbeck n10 days

Peppermint EO Up to the 45th day of storage at 40°C, Peppermint EO decreased [93]
considerably the formation of hydroperoxides in soybean oil at 40°C

Thyme EO Amelioration of antioxidant activity and extension of the shelf life of [75]
chilled meat

Thyme EO Increased antioxidant activity of strawberry fruits during the first [63]
6 days of storage

Lemongrass EO Active packaging film developed by the combination of lemongrass [94]
EO and chitosan protected the chicken patties packed from lipid
peroxidation

Rosemary EO Chitosan/sodium caseinate blend with 1% and 2% of rosemary EO [42]
reduced by 50% the malondialdehyde concentration of chicken meat

Ginger and grape * Meat shelf life extension by 6% and 2%, respectively, for ginger EO [62]

seed EOs and grape seed EO

* A positive effect on the freshness of meat was reported

Ginger EO The antioxidant activities of the films significantly increased with the [29]
addition of ginger EO

Pepper-rosmarin The addition of Pepper-rosmarin EO and poly (butylene adipate [95]
co-terephthalate) to active packaging film inhibited the oxidation of
olive oil

Cinnamon EO Increased antioxidant activity of silicon dioxide nanoparticles used in [96]

the active packaging

Table 3.
Incorporation of EOs in active packaging system as antioxidant agent.
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EOs are mixtures of many compounds including different types of antioxidants or
oxidizable components such as terpenoids and phenylpropanoid often coexist. Many
previous works tried to study if the overall antioxidant activity of a natural EO can
be attributed to the most effective antioxidant component. This hypothesis is true in
some cases. However, many exceptions were found, reporting that EOs antioxidant
activity is the result of the complex interaction among the oxidizable material to
be protected and components. Generally, synergistic or antagonistic behavior is
expected, depending on the composition of EOs and experimental conditions [89]. To
prolong shelf life and prevent autoxidation of edible product, EOs characterized by
their potential antioxidant activity can be used as a food ingredient, either as a part
of active packaging. According to (EC) No 1333/2008 [90, 91]. EOs are considered
as food additives when they represent a “substance not normally consumed as a food
in itself and not normally used as a characteristic ingredient of food, whether or not
it has nutritive value, the intentional addition of which to food for a technological
purpose in the manufacture, processing, preparation, treatment, packaging, trans-
port or storage of such food results, or may be reasonably expected to result, in it or
its by-products becoming directly or indirectly a component of such foods”. Moreover,
EOs can also be considered as flavoring substances, according to (EC) No 1334/2008
[92] when they are “products not intended to be consumed as such, which are added
to food in order to impart or modify odor and/or taste; or products made or consist-
ing of the following categories: flavoring substances, flavoring preparations, thermal
process flavorings, smoke flavorings, flavor precursors or other flavorings or mixtures
there of > Many recent researches reported the efficiency of EOs used in active packag-
ing as an antioxidant are reported in Table 3.

6. Conclusion

Food packaging protects food from environmental effect, contributing to the
establishment of convenient storage conditions and reducing food degradation.

In response to consumer demand for healthier and higher quality foods with long
shelf life, food packaging is continuously being ameliorated. For this purpose, AP
was developed. AP can be essentially classified into two categories: active releasing
systems (emitters) and active scavenging systems (absorbers). In this study, we were
interested in active releasing systems—specially EOs. Many approaches were used

to develop controlled-release active packaging. Most of them are based on the use

of biodegradable polymers or copolymers with filmogenic properties. EOs, can be
incorporated into polymer matrices by blending, method, micro-nano encapsulation,
or adsorption technologies. Several recent studies evaluated the effect of EO incorpo-
ration in AP as antibacterial or antioxidant agent, and it was found that most of the
tested EO are implicated in extending food shelf life.

According to the most recent literature EOs incorporation in AP could be con-
sidered as an optimal alternative option in the food packaging industry to obtain
healthier food with longer shelf life. However, additional studies for biological and
organoleptic proprieties are required.
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Chapter 10

Essential Oils and the Circular
Bioeconomy

Elena Stashenko and Jaivo René Martinez

Abstract

The average annual trade of over 250 thousand tons of essential oils generates
over 250 million tons of distillation residues, posing environmental problems due
to incineration or landfill overburden. The circular economy focuses on reducing
resource inputs, waste generation, and pollution, for sustainability. Implementing
circular economy principles not only mitigates environmental concerns but also
creates economic opportunities by utilizing residual biomass. Nonvolatile second-
ary metabolites, like flavonoids and phenolic compounds, remain in plant material
during essential oil distillation. These bioactive substances can be extracted from the
biomass distillation residues. Instead of discarding or burning waste from essential
oil production, it can be processed to make extracts. The residue can be converted
into biochar, a carbon-rich material beneficial for soil improvement. Other end uses
include generating combustible bio-oil and using distillation residues for mush-
room cultivation. Circular economy practices in the essential oil agroindustry have
implications beyond the field itself. By providing raw materials for various sectors
and industries, such as agriculture, cosmetics, and pharmaceuticals, this agroin-
dustry can contribute to broader sustainability goals. While the adoption of circular
economy principles presents technological challenges, the potential benefits in terms
of waste reduction, value addition, and sustainability justify ongoing research and
development efforts.

Keywords: circular economy, essential oil, hydrosol, residual biomass, compost,

flavonoid, polyphenol

1. Introduction

An annual average of 264 thousand tons of essential oils (HS code 3301) were
exported worldwide during the period 2017-2021 [1]. The actual essential oil pro-
duction figures should be higher because this annual average does not include the
amounts not exported and consumed within the essential oil-producing countries.
Since the essential oils are isolated from plant material with typical yields in the range
of 0.5%, the yearly byproduct of the traded amounts of essential oils should have
been approximately 52 million tons of vegetal material. The disposal of these large
amounts of material leads to serious environmental problems associated with river
pollution, incineration, or landfill overburden. Alternatively, this residual biomass
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may become a valuable source of products with reduced environmental impact if a
highly recommended approach, the application of the principles of circular economy,
is used to add value, generate energy, and reduce waste to zero. The technological
challenges are massive, but the potential benefits of following the latter principles
have been the subject of many scientific articles during the past decade, not only
around essential oil production but also in many different trade sectors. Waste and
byproducts from food and agro-industries may no longer be associated with pollution
and could be transformed and used to fight hunger and malnutrition. This chapter
presents examples of the application of circular economy principles at laboratory and
production scales in the essential oil agroindustry.

2. Circular economy

The circular economy approach is a closed-loop system that aims to reduce the use
of resource inputs, waste generation, pollution, and carbon emissions. It is a vision
toward a sustainable society with great responsibility in the production of biomass
and end-of-life product recovery. Reduction, repair, remanufacturing, and recycling
are normally acknowledged as the representative loops of the circular economy [2].
Some authors refer to these as holistic approaches to add value to biowastes from fruit
and vegetable processing [3], of which aromatic plants represent a small percentage.
The goal of adding value and reducing waste to zero may invoke participation not
only in physical processes related to extraction but also in chemical transforma-
tions (hydrolysis), fermentations, and bioprocessing with microorganisms. Some
traditional or conventional extraction methods are not recommended due to time
consumption, intensive labor demand, their use of large amounts of organic solvents,
or elevated temperatures that degrade some compounds of interest. Alternative
emerging technologies are faster and have reduced environmental impact. They
include processes such as supercritical carbon dioxide extraction, subcritical water
extraction, ultrasound mixing, microwave heating, electric pulse discharge, and
enzymatic hydrolysis, which frequently lead to improved yields [4]. However, there
is still a large room for improvement in scaling up their operation and changing from
batch to continuous operation [5].

Plant secondary metabolites do not participate in a direct manner in basic func-
tions such as growth and development but are very important for plant survival. As
part of the plant’s secondary metabolites, essential oils attract pollinators, reduce
abiotic stress, and protect plants from pests and herbivores, among other direct
and indirect roles. Secondary metabolites of lower volatility are not removed from
plant material when essential oils are produced, which mostly happens through
distillation. These other secondary metabolites include flavonoids, catechols, phe-
nolic compounds, and other nonvolatile bioactive substances that may be recovered
from the plant material to become valuable constituents of products for human
well-being. A circular economy operation aims to take full advantage of essential
oils, nonvolatile secondary metabolites, and secondary metabolite-depleted
biomass.

Figure 1 summarizes common processing options applied to the essential oil value
chain within the circular economy approach. The first step is the retrieval of essential
oil from plant material, due to its exposure to steam or mechanical compression (in
the case of citrus). After a condensation step (in the case of steam distillation), the
essential oil is separated by simple decantation from the aqueous phase, hydrosol,
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Figure 1.
Summary of the processing steps for the complete use of vegetal material in the essential oil agroindustry in
observance of the circular economy principles.

which retains small amounts of some essential oil components that are not completely
hydrophobic. The residual biomass enters a sequence of value-addition steps that
have several potential final products and no waste. A very useful first task is the use
of some extraction agent (ethanol, ethanol-water, CO,) to remove waxes, pigments,
flavonoids, and polyphenols from the residual biomass combined into a mixture
known as the extract. This complex mixture may be further processed to obtain vari-
ous fractions that are enriched in certain bioactive compounds. Composting, biochar
generation, and biogas, or ethanol production from fermentation, are examples of
several value-addition processes that may be applied to the lignocellulosic material
that remains after solvent extraction. Thus, the circular economy version of the essen-
tial oil value chain has zero waste and several products, such as essential oil, hydrosol,
extract, biofuel, biochar, and compost.

3. Hydrosol

Essential oils are decanted from the condensed water used as steam to separate
them from the plant material. This condensed water, called hydrosol, hydrolat, distil-
lation wastewater, or floral water, is obtained in amounts at least 50 times larger than
the decanted essential oil and contains polar and hydrophilic essential oil compo-
nents. A comparative study of the compositions of 44 hydrosols and their essential
oils showed that in almost half of the hydrosols, the major component was different
from that of the oil. Due to solubility differences, the concentrations of these organic
substances are much smaller in hydrosol than in essential oil [6]. Some substances
found in the hydrosol may result from molecular rearrangements caused by heat-
ing during distillation. For example, linalool and a-terpineol were found at higher
concentrations in hydrosol than in Lavandula angustifolia essential oil [7].

There is a growing recognition of hydrosols as essential oil coproducts with many
applications. Mentha pulegium and Mentha suaveolens hydrosols have shown high

149



Essential Oils — Recent Advances, New Perspectives and Applications

insecticidal effects against Toxoptera aurantii, a citrus pest [8]. A study on the control
of the Myzus persicae aphid pest showed that the application of Melissa officinalis or
M. pulegium hydrosols on eggplant leaves had an inhibitory effect, while the use of
Origanum marjorana hydrosol caused 10-15% mortality after 24 h [9]. These and
many more recent reports support the increased use of hydrosols in biological agricul-
ture against mushrooms, mildew, and insects. The hydrosol from Cuminum cyminum
seeds has caused decreased hatching of root-knot nematodes, a widely spread pest of
many plantations [10].

Hydrosols are increasingly recognized as sources of natural ingredients for cos-
metic, nutraceutical, and food applications. One important biological activity in
this respect is antioxidant capacity. It was found that hydrosols from basil, sage, and
rosemary wastes of packaged fresh aromatic plant production contained caffeic acid
derivatives, glycosylated luteolin, and other flavonoids, whose presence was mani-
fested in their strong antioxidant capacity, similar to that of pomegranate juice and
higher than that of red wine and green tea [11]. Bactericidal activity is also important
for certain applications. A study of the hydrosols of basil, cardamom, clove, cin-
namon, and thyme showed that they produced inhibitory effects against Salmonella
typhi, Staphylococcus aureus, and Escherichia coli [12].

4. Extract

The residual biomass from the distillation of aromatic plants to obtain essential
oils contains valuable components such as carotenoids, carbohydrates, lipids, flavo-
noids, and phenolic acids within a lignocellulosic matrix. The current destiny of most
distillation residues is a garbage dump. When this is not the case, common applica-
tions are the transformation into biofuel (as raw lignocellulosic bagasse, or with
further processing into biochar) or as a major ingredient for composting operations.
However, an important and profitable step may be inserted before these treatments
to take advantage of the presence of flavonoids and other bioactive molecules in these
residues. Extraction techniques may be employed to obtain fractions enriched in these
bioactive substances. Maceration, Soxhlet extraction, microwave-assisted extraction,
ultrasonic-assisted extraction, supercritical extraction techniques, pulse electric
field extraction, enzyme-assisted extraction, molecular distillation, and acceler-
ated solvent extraction are some of the tools employed to obtain extracts from plant
materials. Further processing may involve ultrafiltration, nanofiltration, membrane
filtration, supercritical antisolvent fractionation, or other physical processes that help
to separate extract components according to molecular size. Rosemary (Salvia rosma-
rinus) is a medicinal and aromatic herb that contains bioactive compounds (carnosic
acid, carnosol, rosmarinic acid) of interest in many fields. Many of the previously
mentioned techniques have been applied to fresh and residual rosemary biomass and
this collective effort permits the comparison of these techniques and their operating
conditions according to yield, extract stability, costs, and energy demands [13].

The efficient recovery of bioactive compounds from the distillation residual
biomass is an important subject of current research in the field of aromatic plants. A
search of scientific publications from 2000 to July 2023 on “aromatic plant” in Scopus
produced 28,973 results, more than 25% of which (6556) included the word “waste.”
Many works have determined the compositions of extracts obtained from the bio-
waste of individual aromatic species at the laboratory scale with various techniques.
Polyphenols are frequent constituents, and their presence is related to the antioxidant
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or antimicrobial activities determined for the extracts. It is now clear that the solid
wastes from essential oil distillation are rich sources of bioactive molecules with
applications in the cosmetic, food, pharmaceutical, hygiene, and other industries. The
challenges are scaling up the extraction processes and developing extract fraction-
ation processes toward enrichment in specific sets of compounds or isolating indi-
vidual substances. The following are examples of the general situation of the addition
of value to aromatic plant distillation waste through the production of extracts.

The term “polyphenols” designates phenolic substances that contain several
hydroxyl groups but does not imply that they have a polymeric nature. A more
general denomination is “phenolic compounds.” They include hydroxybenzoic acids,
hydroxycinnamic acids, phenylpropanoids, coumarins, flavonoids, and phenolic
terpenes [14].

Rosa alba waste from steam distillation and supercritical CO,-extracted fresh
flowers and steam distillation wastes from L. angustifolia, M. officinalis, and Ocimum
basilicum essential oil production were dried at 50°C, ground, sieved (0.5 mm),
and macerated with 70% ethanol (1:6 w/v) at 60°C (1 h) and room temperature
(24 h). The CO,-extracted Rosa alba afforded the extract with the highest polyphe-
nol content (11 g/L), followed by melissa waste (6.6 g/L). Flavonoids such as rutin
(1.2 g/L), catechin (1.1 g/L), and quercetin-3-glucoside (0.7 g/L) were quantified in
these extracts using HPLC-DAD. Basil waste produced the extract with the highest
rosmarinic acid content (1.2 g/L). Other phenolic acids, such as gallic, ferulic, and
3,4-dihydroxybenzoic acids, were found in the extracts at concentrations between
0.1and 0.6 g/L. Thus, the distillation wastes from these aromatic plants are a rich
source of polyphenols that could be used as supplements to increase antioxidant
activities in food [15].

Ultrasonic agitation (37 kHz, 30°C) and 70% methanol were used to obtain
extracts from residual distillation biomass of six aromatic species (M. officinalis,
Mentha spicata, Oviganum vulgare, Salvia fruticosa, S. rosmarinus, and Satureja thym-
bra). LC-MS analysis of these extracts identified a total of 48 compounds, including
20 phenolic acids, 26 flavonoids, and 2 phenolic diterpenes. Phenolic acids varied
from 3817 mg/100 g (S. rosmarinus) to 14,462 mg/100 g (M. spicata). Flavonoids
varied from 747 mg/100 g (S. fruticosa) to 3112 mg/100 g (Satureja thymbra) [16].
Rosmarinic acid is a frequent component of residual biomass extracts, determined at
concentrations between 0.7 and 154 mg/g of extract [17]. Its higher concentrations
have been reported in residual biomass extracts of M. officinalis (93.3 mg/g), M.
spicata (96.6 mg/g), and Thymus vulgaris (105 mg/g) [18].

Residual rosemary hydrodistillation biomass was dried, ground, and extracted
with ethanol under ultrasonic agitation. LC-MS analysis showed that 60% of the
chromatographic area was represented by carnosol (35.6%), carnosic acid (12.1%),
cirsimaritin (9.1%), and genkwanin (4.7%). The absence of rosmarinic acid was
attributed to its thermal degradation evidenced by the presence of caffeic acid
(0.9%) in the extract, and at its dissolution in the hydrosol [19]. The antioxidant
activity of this extract was high, similar to that of the extract obtained from red
grape pomace. It had insect antifeeding effects on Leptinotarsa decemlineata Say
(Coleoptera:Chrysomelidae) (polyphagous/olyphagous chewing insects) and the
aphid Myzuspersicae sulzer (Hemiptera:Aphididae).

The unfractionated rosemary extract can be used as an antioxidant or as a natural
crop protectant, among many other applications. However, there are continuous
efforts to isolate its main components or to obtain enriched fractions. Increased
yields of ursolic acid (15.8 mg/g), rosmarinic acid (15.4 mg/g), and oleanolic acid
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(12.2 mg/g) were obtained in ultrasound-assisted extraction by varying the pH,
ethanol%, temperature, and solvent:solid ratio [20].

Thyme (T vulgaris) is a common aromatic plant used in the traditional medicine,
pharmaceutical, and food industries [21]. Residual biomass from thyme distillation
was macerated with 75% ethanol (1:10 w/v) at room temperature for 1 day. The
extract was obtained with a 3.85% yield with a phenolic acid content of 62 mg of
gallic acid equivalents per gram of dry extract. LC-MS analysis revealed that its main
components were rosmarinic acid (105 mg/g) and rutin (87 mg/g) [18].

Culinary herbs of many cultures include some types of oregano, of which
there are several species from various origins. Carvacrol and thymol are the most
common oregano essential oil components and are also the main contributors to the
bioactive properties of this herb. The variability in origin and habitat is reflected
in the reported 20-fold variation in carvacrol content found in comparisons of
essential oils obtained from different oregano species [22]. Mexican oregano is
mainly represented by Lippia graveolens, whose essential oil is rich in thymol in
carvacrol. The analogous species in northern South America is Lippia origanoides,
which in Brazil is more commonly recognized as Lippia sidoides, a synonym accord-
ing to genetic studies [23]. Similar to other species, there are many L. origanoides and
L. graveolens chemotypes, which are distinct populations within the same species
with different secondary metabolite profiles. There are reports of at least five L.
origanoides chemotypes, some of which have no thymol or carvacrol in their essential
oils [24, 25].

One approach to the complete utilization of L. origanoides categorizes essential
oil and hydrosol as products of the distillation process and directs the residual plant
material to various purposes, such as extraction, composting, or combustion material
for steam generation. A patent has been granted for this process, specifically applied
to L. origanoides [26].

Extraction with ethanol-modified supercritical CO, of the residues from thymol-
rich L. origanoides distillation afforded a resin that contained 20 g of flavonoids/kg.
When applied to the phellandrene-rich L. origanoides chemotype, oleoresin contained
31 g of valuable pinocembrin/kg [27]. This relatively large content of pinocembrin
motivated further studies on solubility [28] in CO,, and mass transfer models [29].

A recent report of this work showed that the use of two coexisting fluid phases with
various proportions of ethanol, water, and CO,, afforded an extract containing 145 g
pinocembrin/kg, which is approximately a fivefold increase relative to the concentra-
tion obtained with ethanol-modified CO, [30].

5. Soil amendments

The pyrolysis of biomass under low oxygen conditions produces biochar, which
is a carbonaceous material with agricultural applications due to its porous surface
and nutrient content. The estimated annual residual biomass from the distillation of
Mentha arvensis, Mentha citrata, and M. piperita is 10.5 thousand million tons [31].
These wastes are burned or composted, but both approaches face implementation
problems. The use of aromatic plant biomass has been associated with antigerminat-
ing attributes upon composting [32]. Proper burning to secure complete combustion
requires a considerable initial investment. An alternative to burning and composting
is a two-step sequential approach in which solvent treatment of the residual biomass
is used to obtain an extract with antioxidant capacity, and the plant material is
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subsequently heated under an inert atmosphere to obtain a biochar. The biochar is
used for soil amendment [33].

An interesting alternative approach that reduces investment and operating costs
is to involve the distillation plants themselves in biochar production. The ash pit of a
distillation plant with 500 g plant material capacity was used to hold stainless steel
boxes (25 L) that contained biomass waste (10 kg) and was provided with eight holes
for the release of volatile compounds. A residence time of 2 h was suitable to produce
biochar in up to 60% yield and 0.26-1.6 g/m’ density [34].

Crop cultivation leftovers from pruning and plant selection at a commercial
production of fresh basil, rosemary, and sage were used for essential oil and
hydrosol production and the distillation residue was employed in on-farm compost-
ing. Temperature monitoring showed that 30 days was sufficient to obtain usable
compost [35].

6. Other end uses

Combustible bio-oil was obtained by pyrolysis of Cymbopogon flexuosus distilla-
tion wastes in a fixed-bed reactor. Due to the low lignin content of the biomass, the
bio-oil had a lower content of phenolic compounds than those obtained from other
biomasses. It also had low concentrations of polyaromatic hydrocarbons and nitrog-
enous compounds. Combustion heat in the order of 30 MJ/kg was measured for this
bio-oil [36].

The use of lavender (L. angustifolia Miller) distillation residues in mushroom
production was examined by cultivating Pleorotus ostreatus on substrates composed of
shredded lavender waste and barley straw, maintained at 24°C and 65-70% humidity
for 50-60 days. Once the mushrooms were removed, the exhausted substrate was
used as a soil conditioner or to produce biocompost. The entire mushroom production
process was established to be cost-effective [37].

7. Citrus

Citrus fruits constitute a separate case because their essential oils are normally
obtained by mechanical compression of the peel, not by steam distillation. Citrus
fruits are the largest fruit crop in the world (over 100 million tons per year) [38] and
their main destiny is the food industry. After processing, the peels, seeds, and mem-
brane residue represent approximately 60% of the original fresh fruit mass. Essential
oil is present in the colored exterior part of the peel, called the flavedo. The main
component of citrus essential oils is limonene (above 80%, depending on the spe-
cies). Citrus essential oils have antioxidant, antidiabetic, insecticidal, antifungal, and
antibacterial properties, which make them valuable ingredients for applications in the
pharmaceutical, sanitary, cosmetic, agricultural, and food industries [39]. The inner
walls of the citrus fruit peel (albedo) are rich (~30%) in pectin. Pectin is a mixture
of acid and neutral-branched polysaccharides that contain glucuronic acid. Pectin is
used as a thickener, emulsifier, gelling agent, or fat substitute in the food and bever-
age industry. Citrus peel also contains flavonoids for which antioxidant, anticancer,
anti-inflammation, and cardiovascular protection activities have been reported [40].
Thus, processing citrus fruit residual material with a zero-waste approach may lead
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to value addition through the isolation of essential oil, pectin, flavonoids, and other
bioactive molecules.

The most common primary approaches to treat citrus fruit waste involve essential
oil separation, followed by the use of the residue for composting and for animal
food. Some of the limiting factors to using citrus peel waste in composting are its low
nitrogen content, and its antimicrobial properties (associated with limonene), which
have a negative impact on soil microorganisms. Animal food is another potential use
of citrus peel waste, but there have been mixed positive and negative experiences. A
study in which broiler finisher birds were fed with increasing amounts of orange peel
concluded that the inclusion of sweet orange peels had adverse effects on the growth
rate and nutrient utilization by the birds [41]. This was attributed to the decrease in
feed intake because the compounded diets became unpalatable upon the inclusion of
sweet orange peels, some of them with certain fermentation levels. The processing of
citrus peel waste through anaerobic digestion and consecutive fermentations may lead
to the isolation of several bioactive products, but it requires the previous removal of
limonene, which can inhibit microbial activity [42].

The essential oil in the peel of citrus fruits may be isolated by mechanical pressing
(cold press), which is the most common method, although higher yields are obtained
with hydrodistillation and steam distillation. The latter have higher costs due to the
energy needed, but when complete biomass utilization is the goal, these techniques
have the advantage that the residual biomass has low amounts of limonene and can be
subjected to liquid fermentation without further processing. An interesting alterna-
tive is microwave-assisted distillation, which due to its shorter duration has lower
total energy costs. In one of its implementations, the moisture content of the vegetal
material is sufficient to absorb the supplied microwave energy, and no additional
water is needed. This lowers operation costs and the volume of the treatment chamber
required [43].

8. Conclusions

The examples presented outline the importance of embracing circular economy
principles within the essential oil agroindustry to mitigate environmental problems
and enhance sustainability. The substantial amounts of residual biomass generated
during essential oil production can be transformed into valuable resources through
innovative approaches and advanced technologies. The circular economy approach
offers a solution to the environmental challenges posed by residual biomass from
essential oil production. Advanced extraction techniques play an important role in
recovering bioactive compounds from residual biomass. These compounds, such as
flavonoids and phenolic acids, have diverse applications in industries such as cosmet-
ics, pharmaceuticals, and food. Hydrosols, byproducts of essential oil distillation,
have emerged as valuable coproducts because their insecticidal, antioxidant, and anti-
bacterial properties make them versatile assets in various sectors. Circular economy
principles extend to the utilization of residual biomass for producing biochar and
compost. These products have applications in soil conditioning, agriculture, and
energy generation, contributing to waste reduction and resource efficiency.

In conclusion, the integration of circular economy principles in the essential
oil agroindustry holds immense potential to alleviate environmental concerns and
contribute to sustainable development. By extracting maximum value from residual
biomass, the industry can create a more environmentally friendly and economically
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viable production process. Through innovative techniques, collaboration across
sectors, and ongoing research, the vision of circular and sustainable essential oil
agroindustry can become a reality.
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Abstract

Postharvest phytopathogenic rot fungi affect the quality and quantity of perishable
fruits and vegetables. About 30-40% peaches deteriorate annually after harvest in world
whereas 40-50% losses are reported from Pakistan. Our research envisages importance
of an eco-friendly plant essential oils based nano formulations as a management strategy
against postharvest deteriorating fungal rots by enhancing their shelf-life and to attenu-
ate reliance on synthetic fungicides. Plant essential oils mode of action against fungal
postharvest rots is responsible of rupturing plasma membrane of fungal cell wall. The
natural ripening process of perishable commodities does not get affected by the pres-
ence of antifungal packaging in the form of plant essential oil nano formulations as no
significant alteration in weight loss of produce was recorded. Challenges in applying EOs
for microbial suppression in postharvest systems include optimizing their positioning
in commercial fruit storage containers. Several innovative approaches are analyzed in
terms of work environment and implementation regarding disease management along
with future perspectives in concerning field.

Keywords: fungal plant pathology, postharvest pathology, bio management of fungal
rots with plant essential oils, nanoencapsulation, molecular phylogenetics

1. Introduction

Postharvest fruit losses usually develop along the food supply chain by fungal rots
during handling, storage, transportation, processing and marketing, thus resulting in
the decline of quantity, quality and shelf life of perishable fruits. Fungal postharvest
rots pose a serious threat limiting the market value of peaches, resulting in serious eco-
nomic losses worldwide [1]. Furthermore, postharvest fungal rots are often the major
concern influencing consumer requirements. Accordingly, postharvest deteriorations
primarily progress from damages that arise most prominently before, during and after
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harvesting. Once spores of fungi are inoculated in fruit from these wounds, they result
in rapid fruit deterioration. Germinating conidia of fungi may enter intact fruit cuticle
and establish internally in the host [2]. These infections completely develop into active
decay as fruit is fully matured and become susceptible.

The high metabolic activity of peaches results in ethylene production and is
mainly subjected to rapid quality decrease. This causes several negative effects viz.
increased fungal rots susceptibility and fruit physiological disorders consequently
resulting in the growth potential of microbes on fruit surface [3]. Various postharvest
fungal rots of the genera; Fusarium, Penicillium, Alternaria, Botrytis, Cladosporium,
Colletotrichum, Trichothecium, Aspergillus and Stigmina deteriorate quality of the
stone fruits [4, 5]. To reduce conservational pollution owing to fungicides their
excessive use against phytopathogenic rots is reduced in the previous years. Moreover,
biological control has emerged as an applicable strategy to combat major fungal
postharvest deterioration of perishable fruits [6, 7].

2. Postharvest losses

Postharvest fruit losses mostly arise laterally in the entire food supply chain from
handling to consumption declining quality and market value of produce [1]. Usually,
immature peaches show no visible rot symptoms but as they mature symptoms are
clearly visible. These latent infections usually become active when the fruit ripen, wors-
ening the disease incidence in harvest and post-harvest. Fusarium spp., Rhizopus spp.,
Penicillium spp., Cladosporium spp., Botrytis spp., Aspergillus spp., Monilinia spp., are
major destructive postharvest fungal rots infecting perishable stone fruits like peaches.
These postharvest fungal rots are now frequently reported in regions with high tech-
nology stores resulting in fruit rotting, and it is estimated that about 25-50% of the
produce is lost in the developing and developed countries, respectively nectarines [8].

Postharvest diseases of stone fruits are characteristically triggered by a diversity
of fungal rots, yet some of their casual agents, confirmation is still progressing.
Sufficient awareness regarding epidemiology of opportunistic fungal rots is available
whereas knowledge of their occurrence after quiescent infections during long term
storage is limited. Usually, storage rots cause significant losses after latent infections
[9]. Fungal pathogens cause significant fruit losses after harvest and results conse-
quently in an essential reduction in the global supply. Several strategies have been
altered to manage postharvest fungal rots around the globe. Fungal Rots caused by
phytopathogenic postharvest rots incite severe agricultural and horticultural crop
losses annually [10]. Bio-management with antimicrobial agents is explored as a
substitute against postharvest fungal rots of perishable fruits [11].

3. Hazardous affects of synthetic fungicides

Fungicide use is very common at postharvest stage but as far as fruits are con-
cerned, use of fungicide after harvest is strongly prohibited by FAO. The applications
of synthetic fungicides rapidly increased throughout the preceding era. About four
hundred thousand tons of fungicides are globally applied, which represents 17.5%
of universal pesticide applications. The practice of hazardous fungicides to manage
phytopathogenic postharvest fungal rots is limited, due to the toxic residual effect and
long degradation period.
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Application of synthetic fungicides against postharvest rots is known to be vastly
effective and widely practical technique in orchards [12]. On the other hand, these
chemicals have toxicologic hazards, which are dangerous to human health and cause
ecological pollution. It is pertinent to mention that in few developed countries the
use of fungicides is strongly prohibited by law after harvesting. Presently, the trend
of using synthetic fungicides is reducing and practice of their use in agricultural
products is rapidly minimizing [13]. Long term extensive practices of these hazardous
fungicides may create resistance in pathogens, leading to severe conservational pollu-
tion with a serious threat to human health [14].

Lately, fludioxonil and azoxystrobin stayed registered in the USA as a post-
harvest management application against peach decaying rots. Still, post-harvest use
of these fungicides in European Union are banned because of fungicide regulatory
concerns. Moreover, community stresses towards decrease in fungicides application,
encouraged by more awareness of conservational and health concerns. The lack of
an effective post-harvest strategy against fungal rot of peaches focuses the need for
developing novel and eco-friendly control methods [13].

4, Plant essential oils

Fungicidal action of various plant EO’s have been widely examined under vari-
ous environmental conditions [15, 16]. Essential oils such as fenugreek, eucalyptus,
turmeric, lime, thyme, fennel, clove, sage and peppermint are reported for their sup-
pressive effect against postharvest fungal peach fruit rots [17]. Different techniques to
apply essential oils against these decaying rots have been reported including; dipping,
in situ uses and spraying however, there are several interests above potential sensory
contamination concerns [18].

Use of synthetic fungicides as a chemical control is widely applied and highly
effective method after harvesting fruits and vegetables [12]. However, it is pertinent
to mention that fungicides have toxicological risks effecting environment and human
health. World is moving towards trend of minimizing abundant use of synthetic
chemicals in agricultural products [13]. Long term extensive practices of chemical
fungicides may result in pathogen resistance, leading to severe conservational pollu-
tion posing hazardous effects on health [14].

An excessive concern regarding essential oils and plant extracts application as a
promising biological substitute of conservative synthetic fungicides is raised. This
may be credited to environmental effluence and fungicide challenge in postharvest
phytopathogenic rots [19]. Applications of plant EO boons an alternate eco-friendly
strategy against postharvest fungal rots of fruits besides vegetable [20]. The biotic
action of plant EO’s as antifungal and antimicrobial agents is in debate. As a complex
mix of various aromatic volatile compounds plant essential oils from numerous plant
parts viz. leaves, flowers, cloves, rhizomes, buds, roots, etc. are consistently in practice
against several postharvest fungal rots. Essential oils extracted from plants are widely
in use due to their antimicrobial, antifungal, insecticidal, and cytotoxic properties
[21]. Moreover, the eco-friendly use of plant essential oils is popular to increase the
shelf life of food products, as consumers are always conscious about various health
concerns raised by hazardous additives. Essential oils also symbolize a defense mecha-
nism against postharvest rots owing to their antimicrobial characteristics [22].

Eco-friendly use of plant EO’s against contagious pathogens present in many
horticultural produces helps in analysis of positive outcomes towards efficient options
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regarding fruit protection. Plant essential oils from various natural herbs and plants
possess strong antifungal characteristics, in-vitro, that it may be used as a natural and
eco-friendly strategy against perishable fruits decaying [18]. Stone fruits are highly
sensitive to fungal infections. Currently, the management of postharvest fruit rots
with plant essential oils (EOs) has been considerably observed as an innovative trend
in biological conservation.

Plant Essential oils (PEOs) as volatile liquids obtained by several extraction
techniques from plants and herbs, hold plentiful natural bioactive compounds with
anti-fungal characteristics. Several studies regarding fungicidal characteristics of
plant essential oils against postharvest fungal rots were reported viz. Penicillium spp.,
Fusarium spp., Cladosporium spp., Alternaria spp., Aspergillus spp. and Botrytis cinerea
[23-25].

5. Plant essential oils based nano formulations against deteriorating
fungal postharvest rots

Postharvest fruit decay is controlled with essential oils and is observed as an
innovative drift in natural conservation [24]. Clove essential oil (CEO), as a natural
antimicrobial agent, is generally recognized as a safe substance, shows strong in vitro
activity against fungal rots [26]. Various studies revealed importance of essential oils
viz. Eucalyptus [27], Thyme, Savory, Cinnamomum, Peppermint [28] and their anti-
fungal efficacy against postharvest fungal rots of fruits viz. peaches, pears, apples,
banana [29], citrus [30], strawberry, grapes, avocado, mango, and papaya. Another
study revealed that organic extracts of various parts of Lawsonia inermis L. against
Aspergillus niger, Penicillium notatum, Fusarium oxysporum, Colletotrichum gloeospori-
oides and Rhizopus stolonifera were highly effective in different environments [31, 32].

Furthermore, it was also reported that plant EO treatments have the prospective to
control black, green and blue mold disease on fruits. It was narrated that the mycelial
growth and conidial sprouting were distinctly affected by essential oils in a dose
dependent manner [33]. Ultimately plant pathologists and scientists found excellent
substitutes against postharvest fungal rots of perishable fruits and vegetables in the
form of biocides [34].

Plant essential oils were applied against peaches with soft watery lesions and fluffy
mycelium of fungus on outer surface, collected during fruit market survey at Cairo
Egypt with soft watery lesions and fluffy mycelium of fungus on outer surface during
fruit market and essential oils resulted insignificant reduction in growth of fungal
mycelia [35].

However, the efficacy of plant essential oils holds significant importance in
restraining pathogens mode of dispersal, by minimizing the spore load on fruit
surfaces in the storage atmosphere [36]. Usually, plant essential oils are harmless
together for the ecosystem and anthropological wellbeing, hence attention in their use
as antifungal agents of postharvest fungal rots is increasing rapidly. Plant essential
oils are non-hazardous to the treated fruits, vegetables and environment followed by
human consumption. Plant EO’s are elementary active natural pesticides and benefi-
cial agents against various fungal phytopathogenic rots [37].

Plant EO’s extracted from anise (Pimpinella anisum L.), thyme (Thymus capita-
tus L.), lemon (Backhousia citriodora F. Muell.) spearmint (Menta spicata L.) hold
excellent antimicrobial nature and revealed inhibitory results against postharvest
fungal peach rots. The fundamental component, citral, in citrus essential oil showed
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fungitoxic effect against various threatening postharvest phytopathogenic rots. Clove
(Syzgium aromaticum) essential oil has been used since ages for its excellent proper-
ties including antifungal applications. In the previous dual eras, growing concern has
been determined on clove EO to reduce postharvest fungal rots and progress storage
quality of agricultural products [24, 26].

Moreover, eucalyptus (Eucalyptus globulus) essential oil possesses broad biotic
activity, including anti-fungal, anti-microbial, acaricidal and nematicide features.
The central components present in Eucalyptus EO, including eucalyptol, y-terpinene,
limonene, p-cymene, 1,8-cineole, a-pinene, ocimene a-terpineol, camphene and
linalool play major fundamental role in disrupting cell wall of phytopathogenic
rot fungi. Plant EO’s are of utmost importance in holding fungistatic properties.
Destruction of fungal spore germination by plant essential oils show fundamental
role in limiting the spread of phytopathogenic rot pathogens [36]. Many essential oils
can enhance shelf life and preserve quality harvested fruit while having no detrimen-
tal impact on the fruit itself [37].

Essential oils provide an alternative and more ecologically friendly strategy against
fungal postharvest rots [20]. The fungicidal nature of plant essential oils might be
owed to synergism amongst their mechanisms, subsequently, maximum activity has
been reported to be improved mutually. The fungicidal action of plant EO’s might be
boosted by the technique of application. The possible potentially applicable strategies
of with plant essential oils by immersion or spurting against postharvest phyto-
pathogenic rot fungi has already been observed in fruit and vegetables. The pattern
of several postharvest handlings may advance the efficacy of controlling postharvest
fungal rots [38].

6. Antimicrobial packaging using plant essential oils

Challenges in applying EOs for microbial suppression in postharvest systems
include optimizing their positioning in commercial fruit storage containers. One
approach has been to dispense them from sachets (absorptive pads saturated with the
plant EO) in the central of the packaging or enclosed towards it. Antimicrobic pack-
aging in the form of antifungal sachet comprising of volatile constituents enclosed
in them are the primary example of profitable packaging and are broadly used.
Bioactivity of plant EO’s vapor phase was known as a distinctive practice making
them eye-catching against postharvest fungal rots in storage commodities [39].

To enhance the shelf life and promote market value of perishable fruits antimi-
crobial active packaging is of utmost importance. As it allows packaging material to
interact directly with fruits for improving its quality [40]. Usually by adding a chemi-
cal compound in a deliberate way with specific antifungal ability into the packaging.
Two major mechanisms may be applied in this regard, viz. internally in the packag-
ing material during manufacturing, secondly in the headspace of the packaging as
antimicrobial sachet during packaging [41, 42].

Other than antimicrobial packaging against postharvest fungal rots of perishable
fruits it is pertinent to mention that fumigation with high concentration compounds
was also applied as a postharvest treatment, where results showed water spots on
external surface with browning and softening resulting in physiological damage.
Many researchers argued that the same molecules at high concentrations may have
adverse effects on climacteric fruit like peaches, leading to cell necrosis, and resulting
in severe losses respectively [43]. Postharvest fungal rots viz. E semitectum, A. flavus,
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A. alternata, F. semitectum, L. theobromae, and R. stolonifer were controlled completely
by using antifungal essential oil sachet.

The efficacy of EO’s directly depend on the level of concentrations with significant
alterations in dose dependent manner. Whereas the pathway of EO’s mode of action
against fungal postharvest rots might be related to their general capability of softening
and dislocating the consistency of cell wall at various incubation temperatures [44].

7. Mechanism of antifungal constituents of plant essential oils

The mechanism of antifungal constituents in plant EO’s viz. eugenol, eucalyptol &
thymol include inhibition of enzymes by oxidization. Their possible concern is to dam-
age membrane integrity and fungal cell wall degradation, which could result possible
reduction in infections by post-harvest fungal rots [45]. Plant EO’s as an excellent non-
hazardous, antifungal agents may be adopted as an alternate management strategy to
keep perishable fruits fresh during storage. Antifungal components eugenol in clove
essential oil holds excellent inhibitory effect against postharvest storage fungal rots
of perishable fruits [46]. One of the important factors concerning postharvest rots
management is temperature in maintaining fruit quality prolonged shelf life [47].

Essential oils of various herbs and plants hold no significant impact in reducing
weight of fruits during cold storage environment as compared to room incubation.

It was reported that after application of EOs encapsulated with inclusion complexes
average weight of stone fruits (nectarines) was not significantly reduced in cold
storage [48]. Similarly, vapor treatment of Thymus vulgaris EO against fungal rots of
peach fruit results minimum reduction of weight in cold room [49]. Cinnamon EO
was also reported with a minimum reduction in average weight of peaches in cold
storage incubation whereas in control (with no treatment) significant weight loss
was recorded [50]. Other horticultural produce in cold storage treatments were also
observed with minimum weight reduction after applying treatments of (carvacrol,
eugenol, thymol, menthol, eucalyptol, oregano, and cinnamon) EO’s whereas control
fruit was observed with significant alterations in weight loss assessment [48, 51].

Plant essential oils mode of action against fungal postharvest rots is responsible of
rupturing plasma membrane of fungal cell wall [52]. Volatile compounds in EO’s acts
by blocking ergosterol synthesis, internal leakage of fungal cell wall, disintegrating
mycelium, disruption of cytoplasmic formation and ultimately triggering towards
completed distortion [53-55].

166



Essential Oils Based Nano Formulations against Postharvest Fungal Rots
DOI: http://dx.doi.org/10.5772/intechopen.113834

Author details

Gull-e-laala Khan®™, Gulshan Irshad?, Raina Ijaz3, Nagina Rafiq4, Sajid Mehmood?,
Muhammad Usman Rajaz, Abd-ur-Rehman Khalid}, Farah Naz?, Nayla Haneef,
Saiqa Bashir’, Amna Magsood® and Amar Mehmood”

1 Department of Plant Pathology, University of Poonch Rawalakot, Pakistan

2 Department of Plant Pathology, PMAS-Arid Agriculture University Rawalpindi,
Rawalpindi, Pakistan

3 Department of Horticulture, University of Poonch, Rawalakot, Pakistan

4 Department of Food Science and Technology University of Poonch, Rawalakot,
Pakistan

5 Department of Soil and Environmental Sciences, University of Poonch, Rawalakot,
Pakistan

*Address all correspondence to: gulelalah.khan@yahoo.com;
gulelalahkhan@upr.edu.pk

IntechOpen

© 2023 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided

the original work is properly cited.

167



Essential Oils — Recent Advances, New Perspectives and Applications

References

[1] Parfitt J, Barthel M, Macnaughton S.
Food waste within food supply chains:
Quantification and potential for change
to0 2050. Philosophy Transitional
Research Society. 2010;365:3065-3081

[2] Adaskaveg JE, Forster H,

Thompson DF. Identification and etiology
of visible quiescent infections of Monilinia
fructicola and Botrytis cinerea in sweet
cherry fruit. Plant Disease. 2000:328-333

(3] Liu H, Cao ], Jiang W. Changes in
phenolics and antioxidant property
of peach fruit during ripening and
responses to 1-methylcyclopropene.
Postharvest Biology and Technology.
2015;108:111-118

[4] Snowdon AL. Color atlas of
postharvest-harvest diseases and disorders
of fruits and vegetables. In: General
Introduction and Fruits. Vol. 1. London:
Manson Publishing; 2010. 232 pp

(5] Hong CX, Michailides TJ. Prune,
plum, and nectarine as hosts of
Trichothecium roseum in California
orchards. Plant Disease. 1997;81:112-121

[6] Zhang HY, Yang QY, Ge LL,

Zhang GC, Zhang XL, Zhang XY. Chitin
enhances biocontrol of Rhodotorula
mucilaginosa to postharvest decay of

peaches. International Journal of Biology
and Macromolecules. 2016;88:465-475

[7] Janisiewicz W], Korsten L. Biological
control of postharvest diseases of
fruits. Annual Review Phytopathology.
2004;40:411-441

[8] Navarro D, Diaz-Mula HM, Guillen F,
Zapata PJ, Castillo S, Serrano M, et al.
Reduction of nectarine decay caused by
Rhizopus stolonifer, Botrytis cinerea
and Penicillium digitatum with Aloe

168

vera gel alone or with the addition of
thymol. International Journal of Food
Microbiology. 2011;151:241-246

[9] Marcel W, Bart PHJ. Latent
postharvest pathogens of pome fruit and
their management: From single measures
to a systems intervention approach.
European Journal of Plant Pathology.
2020;156:663-681

[10] Salman MAM. Biological Control
of Rhizopus Soft Rot on Apple, Pear
and Peach by Trichoderma Harzianum
[Doctoral Thesis]. India: National
University; 2005

[11] Zhang S, Zheng Q, Xu B, LiuJ.
Identification of the fungal pathogens
of postharvest disease on peach fruits
and the control mechanisms of Bacillus
subtilis JK-14. Toxins. 2019;11:322

[12] Sansone G, Rezzal,

Calvente V, Benuzzi D, Tosetti MIS.
Control of Botrytis cinerea strains
resistant to iprodione in apple with
rhodotorulic acid and yeasts. Postharvest
Biology and Technology. 2005;35:245-251

[13] Zheng Y, Jia X, Ran Y, Meijun D,
Zhao Z, Chen L, et al. Inhibition effect of
aspergillus Niger and quality preservation
of apple by in-package sterilization
medium flow of circulating. Scientia
Horticullturae. 2022;293. DOI: 10.1016/j.
scienta.2021.110708

[14] Shu C, Zhao H, Jiao W, Liu B,

Cao]J. Antifungal efficacy of ursolic
acid in control of Alternaria alternata
causing black spot rot on apple fruit and

possible mechanisms involved. Scientia
Horticultureae. 2019;256:231-252

[15] Chouhan SK, Sharma S,
Guleria A. Antimicrobial activity of



Essential Oils Based Nano Formulations against Postharvest Fungal Rots

DOI: http://dx.doi.org/10.5772/intechopen.113834

some essential oils-present status and
future perspectives. Medicines Basel.
2017;4(3):233-261

[16] Sivakumar DS, Bautista B. A review
on the use of essential oils for postharvest
decay control and maintenance of fruit
quality during storage. Crop Protection.
2014,64:27-37

[17] Bosquez ME, Ronquillo E, Jests S,
Bautista BJ, Verdealvo ], Morales-Lépez.
Inhibitory effect of essential oils against
Colletotrichum gloeosporioides and
Rhizopus stolonifer in stored papaya fruit
and their possible application in coatings.
Postharvest Biology and Technology.
2010;57(2):132-137

[18] Antunes MDC, Cavaco AM. The use
of essential oils for postharvest decay
control. A review. Flavour and Fragrance
Journal. 2010;25(5):351-366

[19] Mancini E, Camele I, Elshafie HS, De
Martino L, Pellegrino C, Grulova D, et
al. Chemical composition and biological
activity of the essential oil of Origanum
vulgare ssp. hirtum from different

areas in the southern Apennines

(Italy). Chemistry & Biodiversity.
2014;11(4):639-651

[20] Hammer KA, Carson CF, Riley TV.
Antimicrobial activity of essential oils
and other plant extracts. Journal of
Applied Microbiology. 1999;86:985-990

[21] Faleiro L, Miguel GM, Guerrero CAC,
Brito JMC. Antimicrobial activity of
essential oils of Rosmarinus officinalis L.,
thymus mastichina (L) L. ssp. Mastichina,
and Thymus albicans. Proceedings of the
Congress on Medicinal Aromatic Plants.
1999;501:4

[22] Znini M, Cristofari G,

Majidi L, Mazouz H, Tomi P, Paolini J,
et al. Antifungal activity of essential
oil from asteriscus graveolens

169

against postharvest phytopathogenic
fungi in apples. Natural Products.
2011;6(11):193-234

[23] Chafer M, Sanchez-Gonzalez L,
Gonzalez-Martinez C, Chiralt A. Fungal
decay and shelf life of oranges coated
with chitosan and bergamot, thyme,

and tea tree essential oils. Journal Food
Science. 2012;77:182-187

[24] Chen CY, Zheng JP,

Wan CP, Chen M, Chen JY. Effect of
carboxymethyl cellulose coating enriched
with clove oil on postharvest quality

of Xinyu mandarin oranges. Fruits.
2016;71:319-327

[25] Ramezanian A, Azadi M,
Ghalamfarsa R, Saharkhiz MJ. Effect
of Zataria multiflora Boiss and Thymus
vulgaris L. essential oils on black rot
of ‘Washington Navel’ orange fruit.
Postharvest Biology Technology.
2016;112:152-158

[26] Chen C, Cai N, Chen J, Wan C. Clove
essential oil as an alternative approach
to control postharvest blue mold caused
by Penicillium italicum in citrus fruit.
Biomolecules. 2019;9(5):197

[27] Davari M, Ezazi R. Chemical
composition and antifungal activity of
the essential oil of Zhumeria majdae,
Heracleum persicum and Eucalyptus sp.
against some important phytopathogenic
fungi. Journal of Mycology Medicine.
2017;27:463-468

[28] Desam NR, Al-Rajab AJ, Sharma M,
Mylabathula MM, Gowkanapalli RR,
Albratty M. Chemical constituents, in
vitro antibacterial and antifungal activity
of Mentha essential oils. Journal of King
Saud University. 2017;54:453-521

[29] Bhutia DD, Zhimo Y, Kole R, SahaJ.
Antifungal activity of plant extracts
against Colletotrichum musae, the



Essential Oils — Recent Advances, New Perspectives and Applications

postharvest anthracnose pathogen of
banana cv. Martaman. Nutrition Food
Science. 2016;46:2-15

[30] Boubaker H, Karim H, Hamdaoui A,
Msanda F, Leach D, Bombarda I, et

al. Chemical characterization and
antifungal activities of four Thymus
species essential oils against postharvest
fungal pathogens of citrus. Indian Crops
Production. 2016;86:95-101

[31] Jeyaseelan EC, Vinuja T,
Pathmanathan K, Jeyadevan JP. Control
of plant pathogenic fungi using organic
solvent extracts of leaf, flower and fruit
of Lawsonia inermis L. International
Journal of Pharmaceutical and Biological
Archives. 2012;3(4):783-788

[32] Sarkhosh A, Schaffer B, Varga SA,
Palmateer AJ, Lopez P, Soleymani A. In
vitro evaluation of eight plant essential
oils for controlling Colletotrichum,
Botryosphaeria, Fusarium and
Phytophthora fruit rots of avocado,
mango and papaya. Plant Protection
Science. 2018;54:153-162

[33] Jhalegar JMD, Sharma JJ, Singh D. In
vitro and in vivo activity of essential oils
against major postharvest pathogens of
Kinnow (Citrus nobilis x C. deliciosa)

mandarin. Journal Food Science
Technology. 2015;52(4):2229-2237

[34] Reimann S, Deising H. Risks of
resistance development and search for
new targets. Archives of Phytopathology
Plant Protection. 2000;33:329-349

(35] El-Sayed HE, Ziedan ESH.
Fumigation of peach fruits with essential
oils to control postharvest decay.

Research Journal of Agriculture and
Biological Sciences. 2008;4(5):512-519

[36] Tzortzakis NG, Economakis CM.
Innovative Food Science Emerging.
2007;8:253

170

[37] Batish DR, Singh HP, Kohli RK,
Kaur S. Eucalyptus essential oil as a
natural pesticide. Ecology Management.
2008;256:2166-2174

[38] Arrebola E, Sivakumar D,

Bacigalupo R, Korsten L. Combined
application of antagonist bacillus
amyloliquefaciens and essential oils for
the control of peach postharvest diseases.
Crop Protection. 2009;29(4):369-377

[39] Kordali S, Kotan R, Mavi A, Cakir A,
Ala A, Yildirim A. Determination of
the chemical composition and
antioxidant activity of the essential oil
of Artemisia dracunculus and of the
antifungal and antibacterial activities
of Turkish Artemisia absinthium, A.
dracunculus, Artemisia santonicum,
and Artemisia spicigera essential oils.
Journal of Agriculture Food Chemistry.
2005;53:9452-9458

[40] Robertson GL. Food Packaging:
Principles and Practice. 3rd ed. Taylor &
Francis; 2012

[41] Colin-Chavez C, Soto-Valdez H,
Peralta E. Diffusion of carotenoids
from monoand bilayer polyethylene

active packaging into soybean oil. Food
Packaging Shelf Life. 2014;1(2):170-178

[42] Colin-Chavez C, Soto-Valdez H,
Peralta E, Lizardi-Mendoza J,
Balandridn-Quintana R. Diffusion of
natural astaxanthin from polyethylene
active packaging films into a fatty food
simulant. Food Research International.
2013;54(1):873-880

[43] Dietrich R, Ploss K, Heli M. Growth
responses and fitness costs after
induction of pathogen resistance depend
on environmental conditions. Plant Cell
Environment. 2010;28:211-222

[44] Manganyi MC, Reginer T,
Olivier EJ. Antimicrobial activities of



Essential Oils Based Nano Formulations against Postharvest Fungal Rots

DOI: http://dx.doi.org/10.5772/intechopen.113834

selected essential oils against Fusarium
oxysporum isolates and their biofilms.
South African Journal of Botany.
2015;99:115-121

[45] Lambert RJW, Skandamis PN,

Coote PJ, Nychas GJE. A study of the
minimum inhibitory concentration and
mode of action of oregano essential oil,
thymol and carvacrol. Journal of Applied
Microbiology. 2001;91:453-462

[46] Zhaoxin C, Dandan Z, Xuemei G,
Yali L, Jingyi S. The role of essential
oils in maintaining the postharvest
quality and preservation of peach and

other fruits. Journal Food Biochemistry.
2022;46(12):543-587

[47] Safari ZS, Ding P, Nakasha JJ, Yusoff.
Controlling Fusarium oxysporum tomato
fruit rot under tropical condition using
both chitosan and vanillin. MDPI.
Coatings. 2021;11(3):367

[48] Lopez-Gémez A,

Ros-Chumillas M, Buendia-Moreno L,
Martinez-Herndndez GB. Active
cardboard packaging with encapsulated
essential oils for enhancing the shelf
life of fruit and vegetables. Frontiers
Nutrition. 2020;7:275-287

[49] Santoro K, Maghenzani M,
Chiabrando V, Bosio P, Gullino M,
Spadaro D, et al. Thyme and Savory
essential oil vapor treatments control
Brown rot and improve the storage
quality of peaches and nectarines could
favor Gray Mold. Food. 2018;7:7

[50] Zanetti M, Carniel TK, Dalcanton F,
Anjos RS, Riella HG, Aratjo PHH, et al.
Use of encapsulated natural compounds
as antimicrobial additives in food
packaging: A brief review. Trends Food
Science Technology. 2018;81:51-60

[51] Buendia-Moreno L,
Ros-Chumillas M, Navarro-Segura L,

171

Sdnchez-Martinez MJ, Soto-Jover S,
AntolinosV, et al. Effects of an active
cardboard box using encapsulated
essential oils on the tomato shelf

life. Food Bioprocess Technology.
2019;12:1548-1558

[52] Zhou D, Wang Z, Li M, Xing M,
Xian T, Tu K. Carvacrol and eugenol
effectively inhibit Rhizopus stolonifera
and control postharvest soft rot

decay in peaches. Journal of Applied
Microbiology. 2018;124:166-178

[53] Ma BX, Ban XQ, He JS, Huang B,
Zeng H, TianJ, et al. Antifungal activity
of Ziziphora clinopodioides lam. Essential
oil against Sclerotinia sclerotiorum on

rapeseed plants. Crop Protection.
2016;89:289-295

[54] Rasooli I, Rezaei MB, Allameh A.
Growth inhibition and morphological
alterations of aspergillus Niger

by essential oils. Food Control.
2006;17:359-364

[55] Sharma N, Tripathi A. Effects

of Citrus sinensis (L.) Osbeck

epicarp essential oil on growth and
morphogenesis of aspergillus Niger (L.)
Van Tieghem. Microbiological Research.
2008;163(3):337-344



ISBN 978-0-85014-206-8

9"780850"142068




	Essential Oils - Recent Advances, New Perspectives and Applications
	Contents
	Preface
	Section 1
Essential Oils Biochemistry
	Chapter1
Phytochemistry, Medicinal Uses, and Beneficial Nutritional Effects of Essential Oils
	Chapter2
Essential Oils and Their Bioactive Molecules: Recent Advances and New Applications

	Section 2
Essential Oils in Medicine and Pharmacy
	Chapter3
Essential Oils and Their Antioxidant Importance The In Vitro and In Vivo Treatment and Management of Neurodegenerative Diseases with New Delivery Applications
	Chapter4
Methods for Evaluating the Analgesic and Anti-Inflammatory Activity of Essential Oils
	Chapter5
Thymol and Its Derivatives Rich Essential Oils from Asparagus flagellaris and Therapeutic Applications: Review

	Section 3
Essential Oils for Animals
	Chapter6
Essential Oils in Animal Diets to Improve the Fatty Acids Composition of Meat and Milk Quality in Ruminant
	Chapter7
Oregano Essential Oils as a Nutraceutical Additive in Poultry Diets

	Section 4
Essential Oil Applications
	Chapter8
Essential Oil Extraction Process
	Chapter9
Application of Essential Oils on Active Packaging Systems
	Chapter10
Essential Oils and the Circular Bioeconomy
	Chapter11
Essential Oils Based Nano Formulations against Postharvest Fungal Rots




