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Preface 

Plant essential oils and their volatile ingredients possess remarkable antimicrobial, 
antioxidant, and health benefit effects; hence, they could be used as a preferred 
alternative to synthetic preservative agents. Since antiquity, essential oils have been 
used for preservation as well as for the treatment of human illness, especially in 
biodiversity-rich countries as traditional practices. In general, plant essential oils 
are a complex mixture of bioactive compounds synthesized in different plant parts 
such as bark, stem, leaves, flower, and root. These compounds were developed to 
protect the plant from microbial infection, repel insect pests, and aid in pollination. 
In the past few decades, plant volatiles have been considered as a golden liquid with 
a multipurpose role, such as fragrances, flavors, antimicrobial properties, and thera-
peutic agents. Many of them have been placed in the Generally Recognized As Safe 
(GRAS) category by the US-FDA. Therefore, food scientists and researchers are 
inclined towards the elucidation of the preservative and therapeutic role of plant 
volatiles and to address the existing lacuna for their commercial application as ratio-
nal preservatives and therapeutic products at low cost that could be used in a sus-
tainable manner. 

The chapters in the book provide an overview of the role of plant essential oils as 
natural preservatives and therapeutic agents. In addition, a brief overview of various 
information regarding the different sources of essential oils, such as higher plants, 
herbs, and spices, and the current research and technological advances related to 
extraction methods, chemical profile characterization, and industrial application in 
the agri-food sectors have been highlighted. Chapter 1 provides a brief overview of 
the traditional use of essential oils of medicinal and aromatic plants in India. In 
addition, it also highlights the biological activities of essential oils and their com-
pounds and potential application in different sectors. Chapter 2 briefly explores the 
various extraction methods and chemotypic standardization techniques with special 
reference to phytochemical genomics. Chapters 3 and 4 explore the antioxidant and 
antibacterial properties of essential oils with detailed molecular mechanisms of 
action. Chapters 5 and 6 discuss the efficacy of essential oils against fruit spoilage 
fungi and mycotoxins contamination in food products including carcinogenic afla-
toxin B1. Chapter 7 explores the efficacy of essential oils against major insect pests 
of stored food commodities such as pulses, cereal grains, and their shelved prod-
ucts. Chapter 8 discusses the pharma-kinetic facet of plant essential oils and their 
potential uses in aromatherapy. Chapters 9 and 10 discuss the role of microbial 
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consortia, biofertilizer, ozone, and edaphic factor on essential oils biosynthesis and 
their respective chemical constituents, different storage conditions on stability, 
chemical constituents, and biological properties of essential oils. Chapters 11 and 
12 deal with information on recent molecular-assisted engineering of essential oils- 
based compounds using biotechnology, combinatorial approaches, and also dose 
optimization methods using different combinations based on mathematical model-
ing. Chapter 13 explores the role of bioinformatics and data acquirement tools to 
enhance the industrial application of phytochemicals in food sciences. Chapter 14 
provides a brief account of different nanocarrier agents used as carrier agents for 
essential oils to protect against the loss of volatility, negative impacts of the intense 
aroma of essential oils on applicable food, and to enhance stability, targeted deliv-
ery, and the potential application in food packaging to extend the shelf-life of packed 
food commodities. 

Varanasi, India Bhanu Prakash  
Varanasi, India  Nawal Kishore Dubey  
Vitória, Brazil  Jackline Freitas Brilhante de São José   

Preface
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1 Essential Oils: From Traditional 
to Modern-Day Applications with Special 
Reference to Medicinal and Aromatic 
Plants in India 

Tanya Singh Raghuvanshi, Prem Pratap Singh, Niraj Kohar, 
and Bhanu Prakash 

Abstract 

Essential oils (EOs) are complex mixtures of volatile secondary metabolites 
extracted from different parts of aromatic plants such as leaves, �owers, fruits, 
and seeds. They are also referred to as aromatic oils. In general, EOs are cocktail 
of different low-molecular-weight compounds, such as �avonoids, terpenoids, 
terpenes, and phenylpropanoids. They represent a diverse class of stereochemis-
try that results in a range of medicinal properties, viz., antimicrobial, antioxidant, 
anti-in�ammatory, and antiviral effects. Additionally, Eos are biodegradable and 
hardly affect non-targeted species, which can be bene�cial in delaying the devel-
opment of resistance. EOs have been used for a long time in various areas such 
as food, medicine, cosmetics, and aromatherapy. However, due to certain limita-
tions associated with them such as high volatility, intense aroma, and chemotypic 
variation, etc., they were replaced by chemical alternatives that were more ef�-
cient and better in terms of bioactivity. However, in view of green consumerism 
and the increased negative concerns (non-biodegradability and the adverse 
effects of their by-products on the environment and human health) associated 
with the indiscriminate use of synthetic chemicals, industries are looking toward 
green chemicals as a preferred alternative to synthetic ones. 
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1.1  Introduction 

Since antiquity, medicinal and aromatic plants have been used in traditional medi-
cine systems against a range of microbes due to their inherent biological properties 
such as antimicrobial, antiviral, antioxidant, and anti-inflammatory. Plants synthe-
size a range of natural compounds often known as plant metabolites during their life 
cycle. In general, plant metabolites can be divided into two categories: primary 
metabolites, which are involved in processes that directly affect growth and devel-
opment, and secondary metabolites, which carry out a variety of crucial functions, 
including defense and interactions with the environment (Pott et al. 2019; Kanani 
et  al. 2021; Önder et  al. 2022). Synthesis of secondary metabolites shows much 
more variation at the species, tissue, and cellular levels, as well as at various devel-
opmental stages, whereas primary metabolites are generally conserved. Additionally, 
it is impacted by the availability of nutrients, stress, interactions with microbes, and 
the environment (Wink 2010). The production of secondary metabolites in plants is 
however linked to different intermediates of primary metabolites. Since secondary 
metabolic pathways show interaction with various primary metabolic pathways, it is 
possible that during plant development and defense, enzymatic activities directed 
against primary metabolites result in the production of novel compounds that are 
then gradually transformed into distinctive metabolites (Weng 2014). 

Among plant products, essential oils (EOs) produced by aromatic plants is a 
complex blend of volatile secondary metabolites which are produced in a variety of 
plant organs to offer defense against external threats such as UV radiation, herbi-
vores, insects, diseases, a variety of stress and also changing environmental condi-
tions (El Asbahani et  al. 2015). In general, EOs are cocktail of different 
low-molecular-weight compounds, such as flavonoids, isoflavones, terpenoids, ter-
penes, phenylpropanoids, phenolic acids, and aldehydes, which are complex and are 
often lipophilic and hardly water-soluble (Seow et  al. 2014; Donsì and Ferrari 
2016). The literature review revealed a plethora of information about the biological 
activities of EOs such as antibacterial, antioxidant, anti-inflammatory, and antiviral 
effects (Prakash et  al. 2015). Angiosperms plant families such as Asteraceae, 
Apiaceae, Geraniaceae, Lamiaceae, Lauraceae, Myrtaceae, Pinaceae, Verbenaceae, 
and Zingiberaceae are the richest source of essential oils (Fig. 1.1). 

However, due to the inherent drawbacks of EOs such as intense aroma, impuri-
ties, chemotypic variation, high volatility, high reactivity, poor water solubility, and 
availability of raw materials their industrial application is not well explored so far. 
The recent science and technological advancement such as extraction methods, 
boosting the production of EOs with elicitors, separation, characterization, and nan-
otechnology could address the aforesaid drawback to enhance its industrial applica-
tion in various fields such as food, agriculture, nutraceuticals, and pharmaceuticals 
as a considered alternative to the synthetic chemicals. 

This chapter deals with the traditional use of essential oils, the drawbacks associ-
ated with them, modern applications, and recent advancements in science and tech-
nology to address the challenges associated with their industrial application, 
sustainable uses, and future prospects.

T. S. Raghuvanshi et al.
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Fig. 1.1 Schematic representation of the industrial application of EOs and approaches to over-
come the existing limitations  

1.2  Traditional Use of Aromatic Plants and Essential Oils 

Plants are one of the most important parts of human life covering a wide area of 
usage. Although one cannot imagine the existence of human life without plants as 
they provide us a favorable green environment in which we live, the oxygen that we 
breathe, and act as the major source of food. With the growing imagination, need, 
and innovations, from ancient to contemporary human beings have derived a pleth-
ora of other ways by which we can benefit from plants and their products. Aromatic 
plants and their essential oils have been utilized for thousands of years in traditional 

1 Essential Oils: From Traditional to Modern-Day Applications with Special…
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medicine, religious rituals, cosmetic applications, aromatherapies, food prepara-
tion, and preservation. The historical evidence often explores the beneficial effects 
of herbs, aromatic plants, and their essential oils in treating a variety of ailments 
(Zollman and Vickers 1999; Giacometti et  al. 2018). Aromatic plants and herbs 
were the first pharmacological substances used to treat illnesses or other aberrant 
circumstances in antiquity, and they are still utilized today in folk or ethnomedical 
treatments (Christaki et al. 2012). Herbal medicines are defined by the World Health 
Organization (WHO) as plant-derived materials or products with therapeutic or 
other benefits for humans that contain either raw or processed substances from one 
or more plants (WHO 2001). 

Nearly all ancient civilizations show evidence that they were aware of the thera-
peutic potential of plants. Indigenous peoples used aromatic plants and herbs to 
treat both physical and mental illnesses in earlier civilizations. The aromatic plant 
extracts and essential oils have been used from ancient civilization of Egyptian, 
Chinese, Native American, Tibetan, and Indian Ayurvedic systems as the core of 
their treatment process. During ancient times illness was thought to have a spiritual 
origin, caused by evil, and happened to people who have committed some sin 
(Kankara et al. 2015). It was believed that once a person gets an illness there is a 
significantly low chance of their survival until and unless their body is capable of 
healing on its own. During that time the emergence of herbal medicine was contra-
dictory to their belief yet significantly ground-breaking. 

The manuscripts of the sacred texts of the Atharvaveda, Rigveda, and Sushruta 
Samhita, demonstrate the long-standing tradition of employing herbs and spices as 
medicine in India (Sumner 2000). For the benefit of humanity, it is thought that the 
universe’s creator gave the sages this comprehensive understanding of healing. The 
knowledge of traditional remedies was transmitted from the sages to the disciples, 
who then passed it on orally and through various documents to the people. In the 
form of poetry called “Shlokas,” knowledge about the medicinal virtues of herbs 
was compiled and utilized to explain how to use therapeutic plants. The Yajurveda, 
Rigveda, Samaveda, and Atharvaveda are four renowned knowledge collections 
(Vedas) that are thought to constitute the foundation of the Indian traditional medi-
cine system. The Rigveda, the most well known of the four Vedas, contains 1028 
shlokas and names 67 medicinally important plants and their uses in the traditional 
Indian system of medicine. Similarly, a large number of medicinally beneficial 
plants are described in the Atharvaveda and Yajurveda. Holistic medicine is still 
used today, not just in India but also in Western countries. Traditional medicine is 
being used in primary healthcare in the form of herbal medicine in a large part of the 
world. With recent developments and findings, the use of plant bioactive in modern 
medicine has also gained a prominent interest. 

In Ayurvedic medicine, the fragrant basil plant (Ocimum spp.), also known as 
Tulsi in India and Nepal, is frequently used to treat a variety of respiratory, gastro-
intestinal, kidney, blood, skin, and other conditions (Singletary 2018). In the manu-
facture of numerous drug therapies around the world, turmeric, another significant 
herb that includes the polyphenolic component curcumin, is still used (Henrotin 
et al. 2013). Peppermint, Mentha piperita L., is one of the most well known and 
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frequently utilized species in the world in the culinary, industrial, and medical areas. 
M. piperita’s value is mostly attributable to its polyphenols and essential oils (EOs) 
(Gholamipourfard et al. 2021). Rosmarinic acid and various flavonoids (eriocitrin, 
luteolin, and hesperidin), menthol, and menthone are the components of the essen-
tial oils. Peppermint exhibits notable antibacterial and antiviral properties in vitro 
conditions, along with substantial antioxidant and anticancer properties with mod-
erate antiallergenic potential. Studies show that certain compounds have a calming 
effect on gastrointestinal tissue, analgesic and anesthetic effects on the nervous sys-
tems. It also has immunomodulating and chemopreventive potential (McKay and 
Blumberg 2006). 

Essential oils isolated from Cymbopogon citratus contain bioactives such as cit-
ral, genariol, α-oxobisabolene, and myrcene. The leaves have long been consumed 
as tea or decoction throughout Asia, South America, and Africa. The plant leaves 
have antispasmodic, analgesic, antipyretic, tranquilizer, anti-hermetic, and diuretic 
capabilities and also have anti-inflammatory, antiseptic, anti-dyspeptic, and 
 anti- fever actions. It is used in many household products including perfume, regional 
soaps, cleansers, aroma candles, and other insect repellents. In some parts of Asia 
and several African nations, it has been utilized as a snake and reptile repellent 
(Oladeji et al. 2019). Based on the texts of the ancient Indian literature and increas-
ing demand of natural medicinal systems across the globe, Government Of India 
(GOI) established “The Ministry of Ayush” on November 9 t, 2014, with the goal of 
revitalizing the rich knowledge of Indian traditional medical systems and ensuring 
their successful growth and dissemination which was earlier governed by Department 
of Indian System of Medicine and Homoeopathy (ISM&H), established in 1995. In 
November 2003, it was renamed to become the Department of Ayurveda, Yoga, and 
Naturopathy, Unani, Siddha, and Homoeopathy (Ayush), with a concentration on 
education and research in these fields. Table 1.1 represents the major bioactive com-
pounds of traditionally used aromatic plants/essential oils and their biological 
activities.  

1.3  Modern-Day Use in Different Sectors 

With the advancement in science and technology, the challenges associated with the 
use of essential oils in different fields are being tackled. Nanotechnology is one of 
the most promising fields of research, especially in pharmaceuticals, cosmetics, and 
food science. With the increasing indiscriminate application of synthetic chemicals 
in medicine and agriculture and their harmful effects on health and the environment, 
there is an increase in demand for sustainable alternatives. Thus, during the past few 
decades tremendous progress in nanotechnology and the use of green chemicals 
have been observed and thus interlinking of these areas can be a potential boon to 
medicine, agriculture, and the environment. Some modern-day applications of 
essential oils have been discussed further in this chapter.
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Table 1.1 Plant essential oils and their biological activities 

Sr. 
No. Plants 

Essential oil 
(major 
component) Sector/Use References

1. Acorus 
calamus 

β-Asarone Strong antifungal, antiaflatoxigenic, 
and antioxidant activity 

Shukla et al. 
(2013) 

2. Bunium 
persicum 

Cuminaldehyde, 
sabinene and 
γ-terpinene 

Antifungal, anti-aflatoxin B1, and 
radical scavenging activity 

Yadav et al. 
(2020) 

3. Capsicum 
annuum 

Capsaicin Coloring and flavoring of foods. 
Fruits used as anti-hemorrhoidal, 
antiseptic, anti-rheumatic. 
Used against lung cancer, breast 
cancer, gastric and prostrate human 
cancer cell lines 
Flavoring and fragrance agent in 
cosmetic products 

Ralte et al. 
(2021); 
Baenas 
et al. (2019) 

4. Carum carvi Carvone Antimicrobial, antidiabetic, 
gastrointestinal problem, CNS 
activity, and immunomodulatory 
activity 
Flavoring foods and beverages 
Food preservative against Erwinia, 
Agrobacteriu, Staphylococcus 
aureus, Escherichia coli 

Joshi and 
Soulimani 
(2020); 
Borozan 
et al. (2022) 

5. Callistemon 
lanceolatus 

Eucalyptol Potent antifungal and toxin- 
inhibitory actions against food- 
borne aspergillus flavus and 
aflatoxin AFB1 

Singh et al. 
(2020) 

6. Chrysopogon 
zizanioides 

Vetivone and 
Khusimol 

Regulatory activity of skin 
Fragrances in perfumes and soaps 
Aromatherapy 
Use to treat notably flu, colic, 
nausea, and pleurisy 

Burger et al. 
(2017) 

7. Cinnamomum 
cassia 

Cinnamaldehyde Used as preservatives of food 
against microbes 
Antimutagenic, antimicrobial, 
immunomodulatory, antidiabetic, 
and antitumorigrnic 
Insect and animal repellant 
Used in skin whitening 

de Almeida 
et al. 
(2023); 
Chang et al. 
(2013) 

8. Citrus lemon Limonene Antimicrobial, anti-carcinogenic 
and anti-cardiovascular 
Skin whitening, scalp disorder, skin 
aging and wrinkles 
Used as food preservatives against 
bacteria, fungus, and insects 
As a flavoring agent in foods 

Rasool et al. 
(2022); 
Bora et al. 
(2020)

(continued)
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Table 1.1 (continued) 

Sr. 
No. Plants 

Essential oil 
(major 
component) Sector/Use References

9. Curcuma 
longa 

Curcumin Anti-inflammatory, antiarthritic, 
anticancer, and antiseptic 
Reducing inflammation, 
indigestion, antioxidant 
Bacteriostatic nature against 
food-borne bacteria like 
mycobacterium smegmatis 

Asif and 
Mohd 
(2019); 
Mishra et al. 
(2018) 

10. Cuminum 
cyminum 

Cymene, 
γ-terpinene, 
cuminaldehyde 
and (−)-β-pinene. 

Potent fumigant, repellent, 
oviposition deterrent, ovicidal, 
larvicidal, and pupaecidal activity 
against pests 

Kedia et al. 
(2015) 

11. Eucalyptus 
globules 

1,8-cineole 
(eucalyptol) 

Insecticide and insect repellent 
Boost immunity against measles, 
flu, cold, and chicken pox 
Used to treat respiratory related 
problems 
Muscle pain, joint pain, and aches 
Used as a flavoring and fragrance 
agent in food and cosmetics 

Ali et al. 
(2015); 
Almas et al. 
(2021) 

12. Foeniculum 
vulgare 

Anethole Significant antifungal activity 
against food-borne molds, viz., 
aspergillus Niger, aspergillus 
candidus, aspergillus fumigatus, 
aspergillus sydowi, aspergillus 
terreus, fusarium verticillioides, 
Penicillum italicum, Alternaria 
alternata, Curvularia lunata, 
Cladosporium cladosporioides, and 
aspergillus flavus 
Potent antioxidant 

Kumar et al. 
(2020) 

13. Helichrysum 
italicum 

Neryl acetate and 
g-curcumene 

Used to treat respiratory tract 
infection 
Used to stimulate blood circulation 
in the skin and to reduce fine lines 
and wrinkle in the skin 

Sarkic and 
Stappen 
(2018) 

14. Lavandula 
angustifolia 

Linalool and 
trans-beta- 
ocimene 

Mental disorder, sedative and 
hypnotic activities, and treatment of 
insomnia 
Food additive due to its pleasant 
flavor and odor 
Effective against food-borne 
pathogen salmonella, Escherichia 

Xu et al. 
(2023); 
Erland and 
Mahmoud 
(2016) 

15. Mentha 
piperita 

Menthol and 
menthanone 

Hair growth and anti-dandruff 
Fragrance in soaps and cosmetics 
Flavoring agent in toothpaste and 
mouthwash 

Guzmán 
and Lucia 
(2021)

(continued)
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Table 1.1 (continued) 

Sr. 
No. Plants 

Essential oil 
(major 
component) Sector/Use References

16. Ocimum 
basilicum 

Linalool, geranial, 
and neral 

Antimicrobial, antifungal, 
antioxidant, mosquito repellent, 
antidiabetic and 
immunomodulatory 
Flavoring and fragrance agents in 
the food and cosmetic industry 
Insecticidal and larvicidal 

Kholiya 
et al. 
(2022); 
Kathirvel 
Poonkodi 
(2016) 

17. Origanum 
vulgare 

Carvacrol, thymol, 
and γ-terpinene 

Flavoring and fragrance agents in 
the food and cosmetic industry 
Antioxidant and biocide in the food 
and cosmetic industry 
Used as Antiacne, and antiaging 
Used as an antimicrobial, 
antioxidant, anti-inflammatory, 
antiproliferative, vasoprotective, 
and antidiabetic 

Asensio 
et al. 
(2015); 
Bora et al. 
(2022) 

18. Oscimum 
sanctum 

Caryophyllene and 
eugenol 

Flavoring in foods 
Fragrance in perfumes 
Bronchial asthma, chronic fever, 
cold, cough, malaria, dysentery, 
convulsions, diabetes, diarrhea, 
arthritis, emetic syndrome skin 
disease, insect bite, hepatic 
cardiovascular and immunological 
disorder, antiallergic, antifungal, 
and antibacterial 
Potential preservative for fermented 
dairy product against Arthrobacter 
globiformis, Bacillus cereus, 
Escherichia coli, pseudomonas spp. 

Iqbal et al. 
(2020); 
Anand et al. 
(2016) 

19. Rosmarinus 
officinalis 

Eucalyptol and 
pinene 

Aromatherapy 
Anti-dandruff and hair growth 
Fragrance in soaps 
Treatment of androgenic alopecia 

Sarkic and 
Stappen 
(2018) 

20. Salvia sclarea Linalool and 
linalyl acetate 

Regulate menstrual periods 
Used for womb and uterus- 
associated problems 
Ease tension and muscle cramps 
Used to remove acne and wrinkle 
and to control sebum production 

Ali et al. 
(2015) 

21. Syzygium 
aromaticum 

Eugenol Insecticide 
Antitumor, antiviral, 
antinociceptive, and anticancer 
Food preservative against molds 
and bacteria (aspergillus spp., 
Escherichia coli) 

Isman 
(2020); 
Haro- 
González 
et al. (2021)

(continued)
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Table 1.1 (continued)

Sr. 
No. Plants 

Essential oil 
(major 
component) Sector/Use References

22. Thymus 
vulgaris 

Thymol Used as preservatives of food 
against microbes 
Used for skin issues like oily skin, 
sciatica, acne, dermatitis, and bug 
bites 
Used in intestinal treatment against 
hookworms, ascarids, and 
gram-positive and negative bacteria 
Improve liver functioning and act 
as an appetite stimulant 

de Almeida 
et al. 
(2023); 
Prasanth 
Reddy et al. 
(2014) 

23. Zingiber 
officinale 

Zingerone, 
gingerols, and 
zingiberebe 
Verbenol 

Antidiabetic, antiulcer, anti- 
gastrointestinal, antimicrobial 
Wrinkles, dark spots on the skin, 
aging 
Anti-dermatophyte against 
Trichophyton rubrum and 
Microsporum gypseum 
Antifungal efficacy against 
aspergillus flavus and potent 
inhibitor of aflatoxin AFB1 
production 

Rasool et al. 
(2022); 
Mahboubi 
(2019); 
Singh et al. 
(2021)

1.3.1  Protective Edible Films 

Edible films are being used for a long time in one way or another. Wax coatings 
were first used for fruits and vegetables, and now active edible films with selectivity 
for mass transfer, light barrier, and antibacterial activity are now available. Over the 
past few years, the market for edible films and coatings has grown remarkably 
(Gennadios and Weller 1990). This increase is being accompanied by an increase in 
knowledge on edible films and coatings that have been collected through research, 
product development effort, advancements in material science, and processing tech-
nologies. To increase food safety and shelf life, more focus has recently been placed 
on creating and testing films with antimicrobial capabilities. Essential oils exhibit 
strong antibacterial activity against a variety of strains of Gram-positive and Gram- 
negative bacteria as well as a wide range of fungi due to their high amounts of plant 
bio-actives (Elsabee et al. 2016). They not only increase the shelf life but also pro-
tect from microbial growth and accumulation of their by-product which can be dan-
gerous for human health. Active biomolecules like chitosan, and its derivatives, 
which are biodegradable, biocompatible, nontoxic, and antibacterial agents with 
good film characteristics, play a vital role in the food packaging industry. With all 
of this, it is being widely used in the food packaging sector (Muzzarelli et al. 2000).

1 Essential Oils: From Traditional to Modern-Day Applications with Special…
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1.3.2  EOs-Loaded Nanofibers for Food Packaging 

Traditional food packaging consists of items constructed from a wide range of 
materials and is designed to shield food from harmful external influences on quality 
while it is being delivered to the consumer. However, throughout the transition from 
packing to consumption, microbial and oxidative deterioration can take place. 
Additionally, there is a demand for food with a longer shelf life due to the rise in 
food retail industry. One of the greatest options that go beyond simply shielding 
meals from external influences is active food packaging, which has been heavily 
emphasized in recent years. These are one of the best options to increase the protec-
tion and palatability of food for a longer duration without the addition of any harm-
ful chemicals. Typically, active packages are created by encapsulating a polymer 
with a plant-based bioactive ingredient. Essential oils stand out among the active 
ingredients due to their antibacterial and antioxidant characteristics (Raut and 
Karuppayil 2014). By using a variety of techniques, including molding, extrusion, 
compression, and thermal forming, bioactive-added natural or synthetic polymer 
matrices can be processed into thin films that can be employed as food packaging 
(Chen et al. 2021; Wu et al. 2019). 

1.3.3  Mosquito-Repellent Fabric 

Mosquitoes pose the great threat to public health because they can spread a wide 
variety of diseases. With the increasing risk of dengue and malaria and their high 
fatality, especially during monsoon, there is a need for management. Effective insect 
repellents have certain advantages for public health (Bernhard et  al. 2003). The 
textile-based strategy is thought to be significant among all mosquito prevention 
techniques because after food and shelter, textiles are considered to be the third 
most important component for human survival. Humans use a variety of chemical 
and fumigation methods for protection against mosquitoes which can be harmful to 
their health. On the other hand, the number of these issues can be solved by using 
mosquito-repellent textiles which will not have the risk associated with them. By 
offering the essential characteristics of repelling mosquitoes, particularly in tropical 
locations, mosquito-repellent textiles contribute to the advancement of the textile 
industry. They serve as a textile barrier that prevents adult mosquito bites and deters 
insects from flying nearby. Fabrics used in homes, tents, curtains, uniforms for the 
military, and other items can all be made to repel mosquitoes. The repellent qualities 
of essential oils can be used as fumigants in the vapor phase to repel the mosquitoes. 
Researchers have employed the microencapsulation approach to retain essential oils 
and achieve controlled release in order to stabilize and control the volatility of the 
active substances (Muhoza et al. 2022; Tariq et al. 2022).
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1.3.4  Cosmetics 

Cosmetics include a wide variety of items for both internal and external use. They 
are typically used to improve the appearance of the body part and skin to which they 
are applied or to give a pleasant scent. The use of cosmetic items has greatly 
increased for the following reasons: increase in people’s awareness of beauty; to 
prevent skin aging; to remain healthy; and to increase life expectancy. The market 
has been dominated by more sophisticated products (serums, toners, moisturizers, 
etc.) with properties like antiaging, anti-wrinkle, skin brightening, skin whitening, 
anti-acne, anti-blemish, etc., as opposed to simple soaps and creams. However, most 
cosmetics contain harsh chemicals that, over time, are bad for the skin and health, 
thus to reduce toxicity, the industries are trying to include natural or herbal ingredi-
ents in cosmetic formulations. As a result, essential oils and other herbal items with 
strong antioxidant effects are extensively utilized today because they have many 
useful features for humans, including as antioxidants, anti-hairfall, anti-dandruff, 
antibiotics, anti-inflammatory agents, wound-healing aids, anti-acne, and many 
more (Jennings and Parks 2020). Tea tree essential oil is one of the prominent anti-
acne active used these days; you can find a variety of moisturizers that claim to fight 
acne have tea tree EO as one of the major ingredients. Peppermint EO is one of the 
prominent solutions against dandruff and is widely used in anti-dandruff shampoo. 
Rosemary EOs have significant activity to prevent hair loss and premature graying 
of hair. Limonene having antioxidant activity is used in many cosmetics for skin 
aging prevention. Limonene oil and olive oil have been utilized for the scalp disor-
der (Kishimoto and Kashiwagi 2022). An abundance of antioxidant chemicals 
including zingiberene, cinnamaldehyde, and limonene can be found in the essential 
oils derived from cinnamon, ginger, and lemon leaves. These substances have the 
capacity to shield cells and tissue from UV radiation. As a result, lotions or oint-
ments containing these essential oils might make the claim that they shield skin 
from UV rays and prevent oxidation (Bertuzzi et  al. 2013; Wei and Shibamoto 
2007). The term “nano-cosmeceuticals” refers to a cosmetic formulation that uses 
nanotechnology as a means of delivering bioactive ingredients to the skin (Hougeir 
and Kircik 2012; Kaul et al. 2018). In order to create anti-wrinkle, moisturizing, and 
skin-whitening products, and hair-repairing shampoos, conditioners, and serums, 
nanomaterials are frequently used. This method makes it possible to create small 
nanoparticles of cosmetic components that are readily absorbed by the skin, easily 
repair the damage, and increase product efficacies. 

1.3.5  Biopesticides 

Biopesticides are natural, biologically occurring compounds that are used to control 
various agricultural pests infesting plants in forests, gardens, farmlands, etc. (Kumar 
et al. 2021). The world needs to adopt new and improved agricultural methods and 
techniques for high sustainability and production if it is to survive the challenges 
offered by population growth and climate change. A variety of strategies can be 
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employed to increase agricultural productivity, such as increasing crop output by 
using sufficient organic pesticides and manures, or reducing yield losses brought on 
by harsh environmental circumstances like abiotic and biotic stresses (Walker 1983; 
Gharde et al. 2018). 

Essential oils and plant-based extracts have been used extensively to manage 
insect pests and demonstrate a variety of insecticidal actions. Due to the complexity 
of their chemical makeup, it is highly challenging for pests to develop resistance to 
such biopesticides. These can serve as insect repellents, oviposition deterrence, and 
antifeedants depending on how they work. They may also interfere with the respira-
tion process of the pests or make it difficult to identify the host plant. By having 
ovicidal and larvicidal actions, these pesticides can prevent oviposition and reduce 
adult emergence. Even commercial versions of some insecticides based on essential 
oils are available such as Cupressus sempervirens EO that are adulticidal and exhibit 
fumigant toxicity against Aedes aegypt and Thrips palmi. Hyptis spicigera shows 
fumigant toxicity, and is repulsive and insecticidal against Callosobruchus 
 maculatus. Cymbopogon nardus shows knockdown and mortality against Musca 
domestica (Khursheed et al. 2022a, b). 

1.3.6  Antibiotic Substitute for Feedstuff 

In the past century, as the world’s population has continued to increase rapidly, the 
need for meat and meat products has expedited the transition from family-owned 
and downsized feeding practices to industrialized and intensive animal feeding of 
livestock (Singh et al. 2019). As a result, the poultry and cattle sectors now place a 
high premium on issues related to epidemic prevention, animal health, and nutri-
tional intake (Zhang et  al. 2020). Due to their strong antibacterial and anti- 
inflammatory properties, antibiotics have frequently been the first choice as an 
animal-feeding supplement in animal husbandry in order to prevent and treat infec-
tious diseases that could potentially be induced by high population density feeding 
(Han et al. 2020; Rizal et al. 2018). Essential oils (EOs) generated from plants are 
depicted as promising antibiotic replacements utilized in animal feeds, as well as 
their present and projected uses in the poultry and cattle industries. Numerous stud-
ies have shown that the phytochemicals included in EOs have many functionalities 
and are less prone to cause bacterial resistance. On intestinal inflammation, intesti-
nal flora, immunity, digestion, and growth performances, the positive benefits of 
EOs feed supplementation have already been thoroughly studied (Pan et al. 2022). 

1.3.7  Aromatherapy 

Aromatherapy, which refers to the use of essential oils in a variety of methods, 
includes oil massage, oral delivery, and inhalation through the nose (Johnson et al. 
2017). EOs, such as lavender oil, rose oil, tea tree oil, rosemary oil, and peppermint 
oil, are frequently utilized for their aromatic fragrance. It has been found significant 
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that while utilizing products containing EOs, these oils have particular effects on the 
central nervous system (CNS), such as enhancing intellect, influencing sleep, 
enhancing cognition and memory, acting as an anti-anxiety and anti-depressant, 
sedating, etc. (Soares et al. 2022). The use of essential oils in aromatherapy has an 
effect on calming the nervous system and thus can serve as a potential co-treatment 
along with medicine and therapy in mental health-related diseases (Liang et al. 2022). 

1.3.8  Medicine and Pharmaceuticals 

Plant bioactive, especially essential oils are widely used in medicines and pharma-
ceuticals due to their inherent biological properties such as antimicrobial, anti- 
inflammatory, antioxidant, antidiabetic, antirheumatic, antitumor, and anticancer. 

A significant number of antioxidants are found in the essential oil-based blended 
mixture. For example, the essential oil-based mixtures of ginger, cinnamon, and 
lemon leaves contain significant amounts of cinnamaldehyde, eugenols, zingibe-
rene, and limonene, which are well-known for their antioxidant properties. Many 
industries produce functional foods and nutraceuticals based on aromatic plants and 
essential oils for therapeutic purposes. They also enhance blood circulation, lower 
the level of harmful LDL cholesterol, and lower the risk of heart disease. These oils 
are also excellent at lowering blood pressure, which lowers the risk of cardiovascu-
lar disease (Rasool et al. 2022). EOs can control irritable bowel syndrome by sup-
pressing pro-inflammatory cytokine expression and increasing anti-inflammatory 
cytokine levels. Zingiberene and cinnamaldehyde are plant antioxidants that can 
repair oxidation-related cell damage. These substances restore cell damage, prevent 
additional cellular destruction, act as a soother, and lessen the severity of migraine 
headaches (Chhikara et al. 2018; Helli et al. 2021; Rasool et al. 2022). Some impor-
tant plant-based compounds and their mechanism of action are mentioned in 
Table 1.2.  

1.4  Challenges Associated with the Use of Essential Oils 

Although EOs have a number of uses and benefits, they also have a few drawbacks 
which limit their industrial application in agri-food and pharma industries. Some of 
the major drawbacks associated with EOs are their intense aroma, presence of 
impurities, complex mixture of various metabolites, high volatility, high reactivity, 
poor water solubility, and economic use. Sometimes a property that can serve as a 
boon to one field can be a bane to another. Taking the example of its intense aroma, 
if we consider the perfumery and aroma industries, this property is one of the rea-
sons for its use while if we consider the food industry, intense aroma can interfere 
with the organoleptic properties of food. Therefore, the area in which the EOs are 
being used determines the potential for which we are using them. Apart from the 
mentioned drawbacks the separation of the complex mixture was also one of the 
major challenges associated with their use, especially in pharmaceuticals. To 
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prevent contamination of the extract, the decomposition of significant metabolites, 
or the formation of compounds by the interaction of metabolites as a result of 
extraction conditions or solvent impurities, it is crucial to minimize interference 
from compounds that may coextract with the target compounds during the extrac-
tion of plant materials. 

1.5  Approaches to Overcome the Drawbacks 

With the recent advances in science and technology, considerable progress has been 
made to explore the industrial application of plant bioactive in modern days. Thus, 
addressing the inherent challenges associated with essential oils could provide a 
sustainable alternative to the synthetic chemicals that often impose negative effects 
on human health and the environment. Some approaches to overcome the draw-
backs associated with the modern use of EOs are enlisted below. 

1.5.1  Boosting the Production of Essential Oils 

With the increasing use of essential oils, there is a parallelly increasing demand for 
aromatic plants which however is not much economically feasible. Large biomass 
of plants is required for the production of comparatively lesser amounts of essential 
oils and thus techniques to enhance the content of essential oils in the plants can be 
a beneficial advancement in this field. 

Numerous biotic and abiotic factors largely affect the formation of EOs in plants, 
which in turn affect the yield and bioactive components of the oils. Different physi-
ological, ecological, and defense uses are made of the EOs. The microbes have the 
ability to release chemicals known as elicitors that interact with plant cell receptors. 
According to the research, the elicitors and their actions act as signals to trigger dif-
ferent biological reactions in plants, such as the formation of secondary metabolites 
and thus essential oils (Chamkhi et  al. 2021). These elicitors can be a microbe, 
disarmed pathogen, nutritional aberration, or environmental stress. These tech-
niques can be used to alter the production of a secondary metabolite which can vary 
in both quantity and composition. 

1.5.2  Composition Analysis 

The most popular method for separating and chemically characterizing EOs is gas 
chromatography electron impact ionization mass spectrometry (GC-EI-MS) 
(Rubiolo et al. 2010). In order to help with metabolite identification, GC-EI-MS 
generates representative and repeatable chromatograms of volatile metabolites 
along with the accompanying mass spectra for each separated component peak. EOs 
are intricate samples that could have up to several hundred different components in 
them. For instance, using a thorough two-dimensional gas chromatography-mass 

T. S. Raghuvanshi et al.
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spectrometry technology (GC GC-MS), the composition of vetiver EO has been 
found to contain almost 500 chemicals (Cordero et al. 2015). With the estimation 
and knowledge of the composition, one can proceed to purify or separate the indi-
vidual components and thus can use it in a different field, especially in 
pharmaceuticals. 

1.5.3  Pervaporation 

The pervaporation technique, which is still relatively new, offers considerable 
promise for the purification of combinations that produce azeotropes or thermola-
bile chemicals, which break down at high temperatures. The key element of this 
process is the presence of a particular membrane that is selective to one or more 
components and leads to the formation of a permeate where the concentration of the 
substance that is more related to the membrane occurs (Cheng et  al. 2017; Ong 
et al. 2016). 

In case of separation of essential oil via pervaporation it is important to pay 
attention to the relative polarities of the constituents because those that are more 
non-polar (like hydrocarbon monoterpenes and sesquiterpenes) tend to permeate 
organophilic membranes more readily, whereas those that are more polar (like oxy-
genated monoterpenes and sesquiterpenes) are absorbed to a lesser extent. 

The membrane is an essential part of the pervaporation process, and together 
with other characteristics, membrane-substance selectivity is one of the most impor-
tant characteristics of pervaporation process. Although there are “classes” of per-
vaporation membranes, such as organophilic, hydrophilic, and separation between 
organics, the current challenge is focused on membrane development for specific 
separations, whose separation by classical methods (distillation, liquid-liquid sepa-
ration, crystallization, etc.) is difficult (Jyoti et  al. 2015; Van der Bruggen and 
Luis 2015). 

1.5.4  Nanoencapsulation 

EOs can be used in various fields including agri-food, medicine, and cosmetics in a 
variety of ways that can include either directly or indirectly. However, despite the 
excellent efficiency of essential oils, most of them possess poor physical properties 
such as low water solubility and low stability toward environmental factors includ-
ing heat, moisture, and oxygen (Lertsutthiwong et al. 2009). Some of them possess 
intense aromas which can interfere with the properties of the system in which they 
are being used. To tackle the problems, protect the active component, and enhance 
the stability of the EOs the technique of nanoencapsulation serves the best (Ibrahim 
et al. 2022). 

Encapsulation is a technology that allows for the safe and regulated release of 
solids, liquids, and gases contained in small capsules. This method guards against 
oxidation throughout the manufacturing and storage processes, preventing the 
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development of undesirable aromas and odors as well as the loss of nutritional and 
metabolic qualities (Sotelo-Boyás et al. 2017). Nanoencapsulation can be used to 
extend the shelf life of EOs and result in controlled release delivery systems that can 
be used for a longer duration of time (Vahedikia et al. 2019). Several nanoencapsu-
lation techniques have been identified, which include the use of various nanoencap-
sulation materials such as Alginate (AL), chitosan (CS), Zea protein-based, alfalfa 
protein-based nanoparticles which are naturally occurring polymers, and are fre-
quently employed in the biomedical and pharmaceutical industries in the form of 
nanoparticles, capsules, and emulsions. The boosting effects on antimicrobial effi-
cacy of essential oils of aromatic plants have been observed in the past few decades 
(Prakash et al. 2018; Natrajan et al. 2015; Assadpour and Mahdi Jafari 2019). 

1.6  Conclusion and Future Prospects 

Advancements in science and technology have explicitly made human life easier 
and technically sound but as it is said there are two sides to every story. The boon of 
science and technology is also accompanied by the bane. With the indiscriminate 
use of synthetic chemicals in pharma and Agri-food sector, several complications 
associated with them have been witnessed in the past few decades. These can be 
linked to their harmful impacts on the environment, biodiversity, and human beings, 
thus there is an increasing demand to address these issues with sustainable alterna-
tives. The use of renewable resources in a sustainable manner can play an important 
role in the management of these alarming issues. Considering the above situation, 
use of plant-based chemicals has gained significant interest in the recent past 
because of their natural, safe, eco-friendly, cost-effective, renewable, and biode-
gradable nature. Essential oils are one of them. Essential oils are being used since 
antiquity in aromatherapies, food, agriculture, and traditional medicine due to their 
inherent biological properties such as antimicrobial, antiviral, antioxidant, and anti- 
inflammatory but was slowly replaced by synthetic chemical alternatives due to 
some of their drawbacks like intense aroma, hydrophobic nature, dearth of avail-
ability, etc. In the past few decades, the concept of green economy has emerged as 
one of the best ways to tackle the problems associated with synthetic chemicals and 
thus the increased demands for plant-based chemicals have been witnessed. With 
the advancements in science and technology, the drawbacks associated with the 
essential oils-based green chemicals are currently being rectified which could 
enhance their application in agri-food and pharma industries. 
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Abstract 

Essential oils are the mixture of volatile ingredients and have been utilized exten-
sively since antiquity. Regarding its bioactivity as an antibacterial, antiviral, anti-
oxidant, and antidiabetic, the major signi�cance and mode of action of these 
naturally occurring compounds are reviewed. Further, its crucial role in the sup-
pression of cancer and chemoprevention is also emphasized. The traditional 
extraction methods such as steam distillation, hydrodistillation, hydro diffusion, 
and solvent extraction, and advanced (non-conventional) extraction methods 
such as solvent-free microwave extraction, subcritical extraction liquid, and 
supercritical �uid extraction have been discussed. Modern extraction techniques 
are thought to have the most potential because they require less time to extract, 
use less energy and less solvent, and emit less carbon dioxide. The chemical 
pro�le of essential oils has been explored in relation to several modern character-
ization approaches. 
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2.1  Introduction 

Essential oils are liquid, aromatic, volatile, odiferous, natural, and complex blends 
of low-molecular-weight compounds. According to Hyldgaard et al. (2012), aerial 
parts of plants, which are typically made up of flowers, leaves, stems (chamomile, 
peppermint, lavender), seeds (nutmeg), fruits (anise), bark (cinnamon), as well as in 
the radix and rhizomes (curcuma and ginger), are the main sources of essential oils, 
and secretory organs like trichomes, glandular hairs (Lamiaceae and Asteraceae), 
secretory ducts (schizogenous in Myrtaceae and schizolysigenous in Rutaceae), 
cavities (Conifers), or undifferentiated cells (Lauraceae) are the storage sites. Due 
to the various ancient texts currently in use around the world, essential oils’ high 
refraction index and rotatory power may be useful for their identification and qual-
ity control. However, these properties are inconsistent. Essential oils play a variety 
of roles in a particular plant, including pollination, defensive mechanisms, and irri-
tation or repulsive effects. Additionally, there are various hypotheses regarding their 
potential involvement as antioxidants in that they donate hydrogen in oxidative pro-
cesses, particularly when light is present. They may also be antibacterial and anti-
fungal, shielding the plant from any pathogenic attack. The oil can be used as an 
antibacterial agent with a low risk of microbial resistance development due to the 
inclusion of several components (Veras et al. 2012). 

These oils have garnered a lot of attention throughout history, and while many of 
their original applications have already been forgotten, it is widely believed that 
humans have been harvesting these substances from fragrant plants since prehistoric 
times. Strong aromas are an essential attribute of essential oils. Typically, steam 
distillation, hydrodistillation, or solvent extraction is used to extract them (Rivera 
Calo et al. 2015; Bakkali et al. 2008). The uses of essential oils for various tasks are 
numerous and include making perfumes and cosmetics in addition to using them in 
the kitchen to improve the flavor and health benefits of food. They are frequently 
employed as flavoring ingredients in food, beverages, cosmetics, fragrances, and 
pharmaceuticals. Due to the essential oil’s potent therapeutic effects, either alone or 
in combination, it can be used as chemotherapy for both infectious and non- 
infectious diseases (Raut and Karuppayil 2014). 

Essential oils were employed by the ancient Egyptians in medicine, perfumery, 
and in the practice of mummification, the art of embalming, and prepping remains 
for burial. The Vedas of ancient Asia defined the use of fragrances and aromatics for 
both therapeutic and ceremonial purposes. Uncountable civilizations have employed 
essential oils and scents for a variety of uses throughout history, including religious 
rituals, the creation of perfumes, and the treatment of infectious diseases. The enor-
mous degree of variation in the chemical makeup of aromatic plants, however, poses 
a potentially serious issue for the perfume production sector. This has led to much 
investigation on variables other than pure genetic ones that may contribute to this 
variant. For instance, researchers have identified many races of the same species, 
such as Melaleuca bracteata, that are rich in various primary ingredients and gener-
ate various essential oils with methyl eugenol, methyl isoeugenol, and elemicin. 
Numerous chemotypes and chemical races have been identified in other aromatic 
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plants, including sweet flag (Acorus calamus), wormwood (Artemisia absinthium), 
sweet basil (Ocimum basilicum), lemon balm (Melissa officinalis), thyme (Thymus 
vulgaris), camphorwood (Cinnamomum camphora), peppermint (Mentha piperita), 
and tansy (Tanacetum vulgare) (Evans 2009). It has also been found that other ele-
ments, such as the climate, rainfall, or geographic origin of the plant, can alter the 
chemical composition of essential oils. 

There are several definitions of essential oils; however Sonwa (2000) gave the 
summary of Schilcher, Hegnauer, and Cohn-Riechter’s which is likely the most 
accurate: Essential oils are substances or mixes of substances that are created in the 
cytoplasm and often exist as minute droplets between cells. They are both aromatic 
and volatile. According to the definition of a fragrant substance, it is a “chemically 
pure compound that is volatile under standard conditions and which, owing to its 
odour, can be beneficial to society.” They are made up of “combinations of fragrant 
substances or mixtures of fragrant and odourless compounds.” According to the 
International Organization for Standardization (ISO), essential oils are “products 
obtained from a natural raw material of plant origin, by steam distillation, by 
mechanical processes from the epicarp of citrus fruits, or by dry distillation, after 
separation of the aqueous phase—if any—by physical processes, “ adding that “the 
essential oil can undergo physical treatments, which do not result in any significant 
change in its composition.” Other organizations, societies, and businesses have 
developed their own standards for concept and excellence. 

The molecules that make up essential oils are a complex mixture, typically con-
taining more than 20 different, low-molecular-weight components in a wide range 
of quantities. Although diterpenes and phenylpropanoids can be present to varying 
degrees, terpenoids (monoterpenes [C10] and sesquiterpenes [C15]) are often the 
major constituents of essential oils. Terpenoids are organic hydrocarbons that a 
wide range of plants naturally make. Based on their five carbon (isoprene) units, 
terpenes are divided into many categories based on their structure and function. 
Hemiterpene (C5), diterpene (C20), triterpene (C30), and tetraterpene (C40) are 
also significant terpenes and make up around 90% of essential oils (Bakkali et al. 
2008). Over 3000 essential oils have been described up to this point, of which about 
10% are pertinent to the pharmaceutical, nutritional, or cosmetic industries. For 
their ability to cause cell death, a number of essential oils are the subject of intense 
research. A lot of work is put into examining the possible therapeutic effects of oils 
against a variety of illnesses, particularly those marked by excessive cell growth and 
proliferation like cancer or bacterial diseases (Freires et al. 2015; Russo et al. 2015). 
The enormous range of secondary metabolites that plants produce, many of which 
have cytotoxic or less appetizing characteristics to herbivores or predators, contrib-
ute to plant defense against both of these threats. Additionally, research into the use 
of essential oils as viable substitutes has been prompted by the rise in germs that are 
resistant to numerous antibiotics. Dorman and Deans (2000) and O’Bryan et  al. 
(2015) found that the thymol, carvacrol, eugenol, cinnamaldehyde, and citral are 
examples of compounds that have phenolic structures or aldehydes that are highly 
effective against microbes. Instead of examining the processes behind their 
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bioactivity, the majority of studies, however, were only concerned with examining 
the antibacterial properties of some of the main chemicals of essential oils. 

2.2  Mechanism of Action of Essential Oils 

Antibacterial, antifungal, and antiviral properties of essential oils and their constitu-
ents have been researched, but little is known about their mechanism. In addition to 
knowing the mechanism of action of the essential oil mixture, it is crucial to identify 
the active components of essential oils. In order to acquire the perfect and most 
active composition of an essential oil, it will be possible to choose the best and 
appropriate growing conditions, harvesting, and extraction methods. Additionally, 
once the active component is identified, synthetic analogues can be created and 
prepared. In terms of preparation reproducibility and increased economic viability, 
these synthetic components would be easier to manage. It has been hypothesized 
that when essential oils are breathed or applied to the skin, they interact with the 
lipid moieties of cell membranes via their lipophilic components, altering the func-
tioning of calcium and potassium ion channels (Shah et al. 2011). The membranes 
are saturated when essential oils are applied in a specific dose. Depending on the 
composition and physicochemical characteristics of the components, they tend to 
interact with cell membranes in a way that affects the functioning of a variety of 
membrane molecular structures (Turina et  al. 2006), such as transport systems, 
enzymes, ion channels (Huang et al. 2008), and receptors. There have been several 
research on the various physiological effects of essential oils on humans, such as 
their boosting, sedative, and antidepressant benefits. Similar to this, several research 
have concentrated on how fragrance elements impact mood, memory, and intelli-
gence. In these situations, the scent elements are inhaled and interact with central 
nervous system (Aoshima and Hamamoto 1999) receptors to penetrate the blood- 
brain barrier. Generally, bioassays that tried to describe and explain the action of 
essential oils are carried out on mice, rats, and frogs. Instances include the investi-
gation of their analgesic properties, the effect of peppermint oil on intestinal trans-
port (Beesley et al. 1996), the research of essential oil absorption through the skin, 
and the influence of some essential oils on skeletal muscle fibres (Serpa et al. 1997). 
Numerous microorganisms have been used to illustrate the antibacterial activity of 
essential oils. Although many methods of action have been put forth, none is fully 
understood (Fisher and Phillips 2008; Holley and Patel 2005). The majority of these 
mechanisms merely explain how the chemical constituents in essential oils work, 
but antibacterial activity involves a variety of mechanisms that target harmful bac-
teria (Benchaar et al. 2008). 

Terpenes have a strong affinity for lipids due to their hydrophobic nature, which 
is linked to their antimicrobial effect. Their lipophilic nature and the outer microbe 
structures are clearly linked to their antibacterial capabilities (Paduch et al. 2007). 
Due to the increased fluidity and permeability of the membrane, changes in the 
topology of the membrane proteins, and resulting disruptions in the respiration 
chain, monoterpenes are able to permeate internal cell membrane structures (Bajpai 
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et al. 2012; Friedly et al. 2009). Essential oils contain phenolic chemicals that dam-
age cell membranes, impairing cell functionality and finally leading to spillage of 
internal cell material (Trombetta et al. 2005). Helander et al. (1998) has reported 
that the phenolic compounds thymol and carvacrol have stopped the growth of 
Gram-negative bacteria by rupturing the outer cell membrane. Electron transport, 
ions, protein translocation, phosphorylation, and other enzyme-dependent activities 
are additional functions of the cell membrane. Cell death may occur as a result of 
the cytoplasmic membrane’s disturbed permeability. Gram-positive bacteria have 
reportedly been shown to be more vulnerable to the antibacterial effects of essential 
oil components than Gram-negative bacteria. As expected, this is because the cell 
wall of Gram-negative bacteria is protected by an outer layer that prevents hydro-
phobic substances from penetrating the cell. 

2.3  Chemistry of Essential Oils 

An aromatic compound, or moiety, has a chemical arrangement that leads to the 
delocalization of electrons, creating higher molecular stability. This is true even 
though the term “aromatic” in current terminology describes the quality of giving 
off an aroma that is either pleasant or odious to the nose. As a result, the scent of 
essential oils may be a combination of aromatic and aliphatic components (Sadgrove 
and Jones 2015). Essential oils are insoluble in water but soluble in ether, alcohol, 
and volatile oils. With a few exceptions, they have a distinctive smell and a density 
that is lower than unity (cinnamon, clove, sassafras, and vetiver). Essential oils are 
extremely complex natural mixes that might have 20–60 different components at 
widely different concentrations, with two or three major components often present 
at comparatively elevated concentrations (20–70%) in comparison to other compo-
nents that are present in low concentrations (Chouhan et al. 2017). Nevertheless, the 
flavor contribution of a single component is not just influenced by its concentration; 
it also depends on the particular odour threshold, which is influenced by structure 
and volatility. Therefore, even tiny components resulting from oxidation or degrada-
tion events may have a significant effect on the flavor if their aroma value is high 
enough (Grosch 2007). Lipophilic terpenoids, phenylpropanoids, or short-chain ali-
phatic hydrocarbon derivatives of low molecular weight can be classified as the 
majority of essential oil ingredients, with the first being the most prevalent and 
distinctive ones. Among these, allylic, mono-, bi-, or tricyclic mono- and sesquiter-
penoids of various chemical classes, such as hydrocarbons, ketones, alcohols, 
oxides, aldehydes, phenols, or esters, make up a significant portion of essential oils 
(Turek and Stintzing 2013). Even one component removed from the mixture might 
alter the aroma. In general, oxygenated molecules, which are very odoriferous, are 
more valuable in terms of their contribution to the scent of the essential oil than 
monoterpene hydrocarbons (Kusuma and Mahfud 2016). Essential oils differ sig-
nificantly in terms of their physical characteristics, such as density, refractive index, 
and rotatory power, in addition to their chemical characteristics. For instance, it has 
been noted that there are substantial differences between the essential oils of 
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Siphonochilus ethiopicus’s various organs (limbo, foliar sheath, and rhizomes). 
These characteristics help characterize plant essential oils more accurately 
(Noudogbessi et  al. 2012). The most significant terpenes and ones that are fre-
quently employed in the fragrance industries include geraniol/nerol, linalool, citro-
nellol, citronellal, and citral (Pavela 2015; Sell 2006). Terpenoids and 
phenylpropanoids are produced through various biosynthetic pathways and have 
various primary metabolic substrates from biosynthetic pathways. The mevalonate 
and mevalonate-independent (DXP) pathways are involved in terpenoids biosynthe-
sis, whereas the shikimate pathway is where phenylpropanoids are produced (Dhifi 
et al. 2016). 

Numerous asymmetric carbon atoms with optical activity can be found in one or 
more of the essential oils’ constituent parts. These chiral chemicals have evolved 
through enzymatically regulated biosynthetic synthesis, and they are typically 
found in distinctive enantiomeric distributions. They also have a variety of applica-
tions in the food, drug, and fragrance sectors. Additionally, the chirality of the odor-
ants affects their mode of action, suggesting that the antipodes may behave 
differently in comparison to other medications. Essential oil chemical composition 
can vary significantly due to physiological (plant organ, ontogenesis), environmen-
tal (soil conditions, climatic conditions), and genetic variables (Salgueiro et  al. 
2010). Geographical variation (Sanli and Karadogan 2017), plant parameters (such 
as species, cultivated or wild plants), harvest and postharvest/predistillation param-
eters (such as harvest season, pretreatment of biomass, and storage conditions of 
source plant materials), production parameters (such as mode of production, distil-
lation parameters, commercial oil, or laboratory-produced), and other parameters 
(such as storage conditions) are additional factors that may affect the chemical com-
position of the oils. 

2.4  Benefits of Essential Oils 

We obtain a great variety of drugs from plants, such as morphine from Papaver 
somniferum, ashwagandha from Withania somnifera, ephedrine from Ephedra vul-
garis, etc., therefore plants are the significant source of medicines (Prakash and 
Gupta 2005). Due to their essential oils, plants in the Apiaceae family have been 
known to have therapeutic effects since ancient times (Valente et  al. 2013). 
According to a World Health Organization (WHO) survey conducted in 1993, these 
traditional medicines are used to treat 90% of patients in Bangladesh, 85% of 
patients in Burma, and 80% of patients in India (Prakash and Gupta 2005) (Fig. 2.1).  

2.4.1  Antiviral and Antifungal Activity 

Without being toxic, essential oils have antiviral properties. Multi lamella lipo-
somes were made more effective against intracellular herpes simplex virus type 1 
(HSV1) by adding Artimisia arboreseens essential oil. Due to the presence of citral 
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Fig. 2.1 Benefits of essential oils  

and citronellal in Melissa officinalis L. essential oil, HSV-2 replication is also sup-
pressed (Allahverdiyev et  al. 2004), while HSV-1 replication can be suppressed 
through in vitro incubation with several essential oils. According to Allahverdiyev 
et al. (2004), the most significant HSV1 activity and replication inhibitor is found in 
lemon grass essential oil. In viral suspension assays against HSV-1, HSV-2, and 
acyclovir-resistant strains of HSV-1, peppermint (Mentha piperita) essential oil 
exhibits high levels of virucidal activity (Schuhmacher et  al. 2003). HSV-1 and 
HSV-2 are both resistant to eucalyptus essential oil’s antiviral effects (Schnitzler 
et al. 2001). De Logu et al. (2000) reported that Santolina insularis demonstrated 
antiviral efficacy against HSV-1 and HSV-2 in vitro and inhibited the transmission 
of the virus from effective cells to other healthy cells. Because of the synergism 
phenomenon, the complex combination of essential oils had more antiviral activity 
than individual components (Djilani and Dicko 2012). Additionally, fascinating 
novel therapeutic alternatives to synthetic medications exist in the form of natural 
compounds with antifungal characteristics. The fact that fungal drug-resistant 
strains are continuously evolving, much like bacteria, makes these items even more 
crucial (Bajwa and Kulshrestha 2013). Though few research have looked into the 
underlying mechanisms of action, many have shown how potent essential oils are 
against various fungal species (Da Cruz et al. 2013). With significant morphological 
changes in hyphae, the use of essential oils caused the cell wall’s integrity to be lost 
and the plasma membrane to become more permeable. Candida albicans have been 
shown to be resistant to the antifungal effects of Lavandula multifida L. essential oil 
(Zuzarte et al. 2012). Propidium iodide staining, cytoplasmic membrane rupture, 
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and suppression of filamentation are signs that apoptosis was induced. According to 
a different investigation by Ferreira et al. (2013), Curcuma longa L. was cytotoxic 
to Aspergillus flavus and reduced the synthesis of aflatoxin. When A. flavus was 
exposed to the essential oil, analysis using scanning electron microscopy revealed 
severe damage to hyphae membranes and conidiophores. Aspergillus niger was 
used to research the antifungal properties of essential oils extracted Thymus erioca-
lyx (Ronniger) Jalas and Thymus x-porlock. A. niger treated to essential oils showed 
irreversible damage to its cell wall, cell membrane, and other cellular organelles, 
according to transmission electron microscopy. The effects of Matricaria chamo-
milla L. flower essential oil on A. niger growth and ultrastructure were investigated 
(Tolouee et al. 2010). The findings revealed a clear rupture of internal organelles 
and cytoplasmic membranes, a separation of the plasma membrane from the cell 
wall, and total disarray of hyphal compartments. According to the authors, the fun-
gal plasma membrane’s increased cell permeability may be the cause of the mor-
phological changes. Some investigations looked into the mechanisms underlying 
the pro-apoptotic effects of essential oils in addition to ultrastructural changes. 
A. flavus plasma membrane, fibrillar layer, and cytoplasm significantly changed 
when Cinnamomum jensenianum Hand-Mazz essential oil was used (Tian et  al. 
2012). With less mitochondrial cristae, mitochondria also experienced a wide- 
ranging disturbance of their internal structure. The amount of ergosterol in the 
plasma membrane was also significantly decreased as a result of the essential oil. As 
the primary sterol of the cell membrane and a unique chemical found in fungus, 
ergosterol is essential for maintaining the health and functionality of the fungal cell 
(Iwaki et  al. 2008). Furthermore, it has been noted that Coriandrum sativum 
L. essential oil binds to membrane ergosterol, increasing ionic permeability and 
causing membrane damage that results in cell death in various Candida strains 
(Freires De Almeida et al. 2014). Likewise, the proteolytic activity of Candida albi-
cans was reduced by C. sativum essential oil. Similar outcomes were noted when 
Mentha piperita L. essential oil was used to treat the Candida strains C. albicans, 
C. tropicalis, and C. glabrata (Samber et al. 2015). Cell membrane rupture, a sharp 
drop in ergosterol concentration, and morphological changes were all present in 
exposed cells. It has also been suggested that the cytotoxic effects of essential oils 
are moderated by the induction of reactive oxygen species (ROS) overproduction 
and oxidative stress. A decrease in ATPase activity, chromatin condensation, DNA 
fragmentation, phosphatidylserine exposure, cytochrome c release, and metacas-
pase activation were all observed as signs of apoptosis in a C. albicans strain that is 
a human pathogen (Chen et al. 2014). The production of mycotoxins, which can be 
hazardous to humans, is a further consideration. Aflatoxin are extremely dangerous 
fungal toxins, thus it is highly interesting to see how natural chemicals could inhibit 
the production of aflatoxins (Da Cruz et al. 2013). Zataria multiflora Boiss. essential 
oil was shown to inhibit A. parasiticus proliferation and aflatoxin accumulation 
(Yahyaraeyat et al. 2013). 
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2.4.2  Antibacterial and Antiparasitic Activity 

Many harmful bacterial species, including Listeria monocytogenes, L. innocua, and 
Salmonella typhimurium, are susceptible to the antibacterial effects of essential 
oils. Some hazardous bacterial species, including E. coli, Salmonella choleraesuis, 
and Salmonella typhimurium, are inhibited by thyme and oregano essential oils, and 
this inhibition is directly related to the phenolic components of carvacrol and thy-
mol. The ability of carvacrol to inhibit infections like Bacillus cereus is attributed to 
the presence of a phenolic hydroxyl group (Ultee et al. 1999). Against vegetative 
cells, alcohols have bactericidal rather than bacteriostatic action (Dorman and 
Deans 2000). The bacterial growth of Enterococcus Hiral is inhibited by Artemisia 
annua’s essential oil. β-caryophyllene, camphor, β-selinene, germacrene D,  
artemisia ketone, and trans pinocarveol are among its constituents. Additionally, it 
has been claimed that using tea tree oil in formulations does not cause dermatologi-
cal issues or alter the skin’s natural protective microbiota. The active element for tea 
tree oil’s antibacterial function is the large level of terpenen-4-ol, and in veterinary 
medicine, cream formulations containing 10% tea tree oil provide relief from canine 
localized acute and chronic dermatitis considerably more quickly than any com-
mercial skin care product. Essential oils have also been demonstrated to have bacte-
ricidal effects against dental and oral pathogenic microorganisms, and as a result, 
they are added to rinses or mouthwashes for pre-procedural mouth control. Since 
essential oils can penetrate the plaque biofilm, where they destroy the pathogenic 
wall and block their enzymatic activity, mouthwashes containing these oils may be 
utilized to control plaque. Thymol, menthol, and eucalyptol, which are all found in 
Listerine and are derived from essential oils, are particularly effective against dental 
issues (Sharma et al. 2010). For the treatment of oropharyngeal candidiasis in AIDS, 
essential oil has also seen to be effective when gargled. Against specific pathogens 
of the respiratory tract, they can also be utilized as antibacterial agents. When used 
against Streptococcus pneumoniae, that is, penicillin susceptible as well as penicil-
lin resistant, the oil of Achillea clavennae exhibited its highest level of activity. 
Against endoparasites and ectoparasites, plant essential oils can be utilized as a 
substitute. In this respect, Plasmodium falciparum and Leishmania donovani consti-
tute protozoan parasites that are developing drug resistance, which raises the rates 
of mortality and morbidity (Singh 2006; Antony and Parija 2016). The development 
of pesticide resistance is another factor that makes the management of ectoparasites 
in veterinary care crucial (Ellse and Wall 2014). The possible anti-parasitic effects 
of essential oils against a variety of parasites, including protozoa, helminths, and 
arthropods, have been studied by several writers; however, the molecular mecha-
nisms of action have received little attention. The antiparasitic activity of Lavandula 
angustifolia Mill. and Lavandula x intermedia essential oils was tested against the 
fish disease Hexamita inflata as well as the human protozoal infections Trichomonas 
vaginalis and Giardia duodenalis (Moon et al. 2006). In the in vitro test, both essen-
tial oils totally got rid of all three protozoa. Significant cytotoxic effects against 
intracellular amastigote form were observed in the antileishmanial activity of 
C. ambrosioides essential oil (Monzote et  al. 2011, 2014). When tested against 
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Trypanosoma brucei and Plasmodium falciparum, the essential oils of four 
Cymbopogon species—C. citratus (DC) Stapf., C. giganteus Chiov., C. nardus (L.) 
Rendle, and C. schoenantus (L.) Spreng.—were cytotoxic (Kpoviessi et al. 2014). 
The essential oils from Ocimum gratissimum L. were found to have antitrypano-
somal and antiplasmodial properties (Kpoviessi et al. 2014). Using the essential oil 
from the leaves of Artemisia annua L. against visceral leishmaniasis caused by 
Leishmania donovani, researchers looked into the molecular mechanisms underly-
ing the antiparasitic actions of essential oils (Islamuddin et al. 2014). As evidenced 
by the externalization of phosphatidylserine, DNA fragmentation, dyskinetoplas-
tidy, cell cycle arrest, loss of mitochondrial membrane potential, and ROS produc-
tion in promastigotes, the cytotoxic action was caused by apoptosis. The antiparasitic 
effectiveness of essential oils of P. betle landrace Bangla Mahoba against intestinal 
Leishmaniasis was also tested in a different study (Misra et al. 2009). In L. donovani 
promastigotes and intracellular amastigotes, the investigated essential oils triggered 
apoptosis in conjunction with the production of ROS that targeted the mitochondria 
without exerting any harm on macrophages. In treated promastigote cells, transmis-
sion electron microscopy revealed abnormally shaped cells, swollen mitochondria, 
and autophagosomal structures. Additionally, reports of phosphatidylserine exter-
nalization, mitochondrial membrane potential loss, and cell-cycle arrest were made. 

2.4.3  Antioxidant Activity 

The oxidation of macromolecules such as proteins, amino acids, DNA, and others 
by free radicals and other reactive oxygen species leads to molecular changes asso-
ciated with aging, arteriosclerosis, and cancer. “Oxidative stress” is caused by an 
imbalance between the creation of free radicals and their elimination by the antioxi-
dant system in the human body (Abdollahi et al. 2004). Antioxidants must therefore 
be supplied externally in order to achieve a balance between free radicals and anti-
oxidants. In the DPPH (2,2-Diphenyl-1pycrylhydrazyl) radical assay at room tem-
perature, the essential oils of basil, cinnamon, clove, nutmeg, oregano, and 
thyme—natural sources of phenolic components—have demonstrated radical- 
scavenging and antioxidant capabilities (Tomaino et al. 2005). Thymus serpyllus 
and Thymus spathulifolius contain large concentrations of phenolic thymol and car-
vacrol, which are responsible for the antioxidant action (Sokmen et  al. 2004). 
Thymol and carvacrol are once more responsible for the antioxidant activity of 
oregano (Origanum vulgare L.) essential oil, which is comparable to that of tocoph-
erol and BHT (butylated hydroxyl toluene) (Kulisic et al. 2004). Additionally, it has 
been discovered that Agnus castus seeds essential oil is a superb DPPH radical 
scavenger (Asdadi et al. 2015). Some essential oils, such as Thymus caespititius, 
Thymus camphoratus, and Thymus mastichina, show antioxidant activity with high 
contents of linalool and 1,8-cineole, while thymol and carvacol are almost absent. 
The antioxidant activity cannot be solely attributed to the presence of phenolic 
group. Ketones, aldehydes, hydrocarbons, and ether also show free radical scaveng-
ing activity. The presence of α-terpinene, γ-terpinene, and α-terpinolene in tea tree 

Vandana and A. Barua



37

oil makes it a natural antioxidant against BHT (Kim et al. 2004). Therefore, essen-
tial oils should be included as a component of daily supplements or additives to 
lower oxidative stress. 

2.4.4  Antidiabetic Activity 

Diabetes is a chronic disease in which the body either does not produce enough 
insulin or does not utilize it appropriately. Numerous studies were done to investi-
gate the antidiabetic properties of essential oils. For example, rosemary essential oil 
inhibited insulin release and hyperglycemia in diabetic rabbits. Studies have shown 
that the lipophilic fraction of aromatic plants is not only responsible for this activity 
but has also been shown to improve insulin sensitivity in type II diabetics when 
administered orally in combination with other essential oils like cumin, cinnamon, 
oregano, fennel, myrtle, etc. (Al-Hader et  al. 1994). In diabetic rats, Satureja 
khuzestanica essential oil significantly lowers fasting blood glucose levels. Eugenol 
and other significant essential oils from tulsi (Ocimum sanctum L.) operate as effec-
tive antidiabetic agents by lowering blood sugar levels, triglyceride, and cholesterol 
levels, as well as the activities of alkaline phosphatases, LDH, GPT, and GOT in 
blood serum (Prakash and Gupta 2005). 

2.4.5  Cancer Chemoprevention 

Typically, it is believed that substances that activate phase I or phase II drug metabo-
lizing enzymes can guard against chemical deterioration during the beginning 
phase. Numerous dietary monoterpenes not only have anti-tumor properties but also 
stop the spread of cancer. Orange peel oil’s D-limonene prevents chemically gener-
ated mouse mammary skin, liver, lung, and anterior stomach tumors from develop-
ing (Crowell 1999). The growth of lung and anterior stomach tumors brought on by 
chemicals is inhibited by caraway seed oil containing carvone. Additionally, men-
thol and carveol have chemoprevention effects against dimethylbenz[a]anthracene 
(DMBA)-induced cancer. The group of chemo preventive agents includes garlic 
essential oils that contain organosulfur elements (OSCs), which affect phase I and 
phase II drug detoxification enzymes (Milner 2001). When evaluated against vari-
ous human cancer cell types, including melanoma, breast, ovarian, and blood lym-
phocytes, Tetraclinis articulate essential oil displayed the signature of apoptosis. 
Perillyl alcohol (POH) inhibits the growth of chemically generated liver cancer cells 
in rats at the early stages of the chemotherapy process (Crowell 1999). In National 
Cancer Institute (NCI)-sponsored Phase I, II, and III chemoprevention trials for 
prostate, breast, and colon cancers, POH was studied. As a glutathione-S- transferase 
class π (GSTP) inducer, citral is another significant component present in many 
essential oils, such as lemon grass oil. As a result, it is an extremely important 
chemo preventative drug for inflammatory carcinomas including skin cancer and 
colon cancer (Edris 2007). Most essential oils were initially investigated for their 
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antioxidant and anti-inflammatory properties, as well as for their potential use in the 
treatment of inflammatory diseases. Essential oils may also have anticancer effects 
as a result of the direct relationship between the production of reactive oxygen spe-
cies (ROS) and the oxidative and inflammatory states that can cause cancer. On the 
one hand, persistent inflammation is associated with an excess of ROS and can dam-
age DNA, increasing the rate of mutation and the risk that cells will undergo an 
oncogenic transformation (Storz 2005). The ability of ROS, on the other hand, to 
affect redox-mediated signaling pathways, which can lead to the formation of 
tumors, is well recognized. The essential oils that might cause cancer cells to 
undergo apoptosis may be useful tools for dealing with cancer. The activation of the 
detoxification and DNA repair systems, the suppression of metastasis, and angio-
genesis are additional processes that aid in the treatment of cancer in addition to the 
induction of apoptosis (Reed 2003; Gautam et al. 2014). Through several mecha-
nisms, essential oils have anti-proliferative effects on a variety of cancer cell cul-
tures. A well-defined type of programmed cell death that maintains homeostasis, 
apoptosis can be induced by either internal or external stimuli. Tests on tumor cell 
lines (MCF-7, PC-3, A-549, DLD-1, M4BEU, and CT-26) using the essential oil of 
Abies balsamea (L.) Mill. (balsam fir oil) revealed considerable cytotoxicity in each 
of these cell lines (Legault et al. 2003). In a dose- and time-dependent way, the use 
of the essential oil lowered cellular reduced glutathione (GSH) concentration and 
enhanced ROS generation. The essential oil of Melissa officinalis L. was also 
assessed on glioblastoma multiforme cells, and the results revealed a considerable 
induction of apoptosis as shown by DNA fragmentation and upregulation of cas-
pase- 3 (Queiroz et al. 2014). In HepG2 human hepatoma cells, the volatile extract 
from the dried pericarp of Zanthoxylum schinifolium Siebold & Zucc. likewise 
caused apoptosis and markedly enhanced ROS generation (Paik et  al. 2005). 
Caspase-3 activity, however, showed no effect, indicating that the extract-induced 
death of hepatoma cells is caspase-3 independent. On the human epidermoid carci-
noma cancer cell line A431 as well as on immortal HaCaT cells, the effects of the 
essential oil from rosewood Aniba rosaeodora Ducke were examined (Soeur et al. 
2011). The therapy caused the mitochondrial membrane to depolarize and caspase- 
dependent cell death, which were both clearly harmful effects in both cell types. In 
a different test, YD-8 human oral squamous cell carcinoma cells were exposed to 
the essential oil from the leaf of Pinus densiflora Siebold & Zucc., which decreased 
their growth and survival while inducing apoptosis (Jo et  al. 2012). The use of 
essential oils caused the production of reactive oxygen species (ROS), which then 
activated caspase-9 activity, cleaved the DNA repair enzyme poly(ADP-ribose) 
polymerase (PARP), down-regulated the anti-apoptotic protein B-cell lymphoma 2 
(Bcl-2), and phosphorylated extracellular signal-regulated protein kinase (ERK)-1/2 
and c-Jun N-terminal kinase (JNK)-1/2. The benefits of Pinus koraiensis essential 
oil against cancer, a study on the essential oil of Pinus koraiensis (EOPK) in  
HCT116 colorectal cancer cells was conducted by Siebold & Zucc. (Cho et  al. 
2014). The essential oil drastically decreased the colorectal cancer cells’ ability to 
proliferate and migrate. It also lowered the expression of PAK1 (a family of serine/ 
threonine p21-activated kinase), a hub for several oncogenic signaling pathways, 
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which in turn decreased the phosphorylation of Akt and ERK. Essential targets for 
essential oils include mitogen-activated protein kinases (MAPKs). Artemisia capil-
laris Thunb. essential oil showed cytotoxicity in human oral epidermoid cancerous 
cells (Cha et al. 2009). The findings imply that the process of cell death involves 
activation of caspase, JNK/Bcl-2, and p38/nuclearfactor- kappa (NF-kappa) path-
ways. The cytotoxicity of Thymus vulgaris L. essential oil against the squamous cell 
cancer UMSCC1 cell line has been evaluated (Sertel et al. 2011). Human cervical 
cancer cells (HeLa, ME-180, and SiHa) were exposed to Cephalotaxus griffithii 
Hook. f. needle essential oil, and the results showed mitochondria-initiated apopto-
sis (Moirangthem et al. 2015). The essential oil improved the expression of caspases 
and PARP cleavage while increasing mitochondrial membrane depolarization. 

2.4.6  Aromatherapy 

Essential oils having an aroma, they are inhaled for psychological and physical 
health. They can alter behavior and affect brainwave activity. Essential oils’ olfac-
tory properties have both objective and subjective effects on cognitive performance 
and mood (Moss et al. 2003). For the treatment of epilepsy, smell inward breath of 
storax pill rejuvenating ointment and pre inward breath of Acorus gramineus rhi-
zome (AGR) natural oil are utilized in Chinese people medication. The activity of 
Gamma-Aminobutyric acid (GABA) transaminase in the mouse brain is inhibited 
prior to inhalation of AGR essential oil. This results in an increase in the level of 
GABA and a decrease in the amount of glutamate in the brain, both of which have 
an effect on the length of time mice, induced by pentobarbital, spend sleeping (Koo 
et al. 2003). In addition, when mice were subjected to inhalation of essential oils 
and then artificially induced into overagitation by intraperitoneal application of caf-
feine, their motility decreased (Buchbauer et al. 1993). Because it interferes with 
GABA neurotransmission in the central nervous system, lavender oil has sedative 
and relaxant effects. On inhalation, dental patients experienced a reduction in antici-
patory anxiety (Woronuk et al. 2011). Both gram-positive and gram-negative patho-
genic bacteria were inhibited by cinnamon and clove oil during the vapor phase 
(Lopez et al. 2005). While rosemary oil improved the overall quality of memory but 
slowed its speed, lavender oil hampered working memory performance and slowed 
reaction times for memory and attention-based tasks (Moss et al. 2003). Lavender 
essential oil is responsible for the spasmolytic activity in the calcium chloride- 
induced contraction. 1,8-cineole is primarily responsible for its activity. As a result, 
its primary function is as a sedative (Gamez et al. 1990). Balm oil has been shown 
to be effective in the treatment of agitation in people with dementia, according to 
one study. Neroli oil proved to be very helpful for patients who had heart surgery; a 
foot massage had a long-lasting psychological effect, according to the study 
(Stevensen 1994). Aromatherapy was given to hypertensive women in a study, and 
the results showed that it had a significant impact on systolic blood pressure (SBP), 
diastolic blood pressure (DBP), and quality of sleep. This led the researchers to the 
conclusion that aromatherapy can greatly improve daily life quality. 
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2.4.7  Rectal and Vaginal Suppositories 

Essential oil is used in a vaginal douche to treat candida albicans, a type of vaginal 
infection. Tea tree oil applied to a tampon is very effective for many infections in the 
vaginal area. Essential oils are used to treat gynecological or urinary conditions 
through the vaginal route because they are directly absorbed into the surrounding 
tissue. Additionally, urinary infections were treated with sandalwood oil. An oint-
ment containing tea tree oil can be used in a double-blind study to treat hemorrhoids 
(Joksimovic et al. 2012). 

2.4.8  Effective Pesticides 

Additionally, mites and insects are neurotoxic when exposed to essential oil with 
particular constituents. Natural alternatives have been viewed as superior to conven-
tional synthetic sources due to their lower risk to the environment and detrimental 
impact on humans and other living things. Clove oil (eugnol), thyme oil (thymol and 
carvacrol), mint oil (menthol, pulegone), lemon grass oil (citronellal, citral), cinna-
mon oil (cinnamaldehyde), rosemary oil (1,8-cineole), and oregano oil (carvacrol) 
are the essential oils used as pesticides and their constituents (Rai and Carpinella 
2006). They use a variety of different mechanisms on insects to cause toxicity. 
Many essential oil constituents work by blocking these receptors in arthropods and 
many insects that use octopamine as a neurotransmitter and neuromodulator (Enan 
2001, 2005). In insects, some essential oils may work by disrupting the cell mem-
brane or by blocking the tracheal system. However, when compared to the synthetic 
pesticides that are currently in use, their efficacy is still low. Nevertheless, phenols 
outperform other monoterpenes as a pesticide. 

2.4.9  Insect Repellents 

Lemongrass oil and mint oil are combined to make insect repellent that repels mos-
quitoes. Citronella is its active ingredient (Fradin and Day 2002). Also, these repel-
lents are used to get rid of cockroaches and keep them from coming back into human 
homes (Ngoh et  al. 1998). The study reveals that pulegone is the most effective 
against adult lice, followed by terpinen-4-ol. Nerolidol and thymol, on the other 
hand, are more active in P. humanus eggs (Priestley et al. 2006). 

2.5  Extraction of Plant Essential Oils 

Using a variety of extraction techniques, essential oils can be extracted from a vari-
ety of plant parts. The botanical material that is used typically determines both the 
method that is utilized for extraction and the manufacturing process for essential 
oils. Another factor taken into consideration is the state and form of the material. 
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One of the most important factors in determining the quality of essential oil is the 
extraction method. 

According to Reverchon and Senatore (1992), the most common method for 
extracting plant essential oils is steam distillation. According to Masango (2005), 
steam distillation extracts 93% of essential oils, while the remaining 7% can be 
further extracted in other ways. 

The secretory glandules are specialized histological structures in which essential 
oils are biosynthesized, accumulated, and stored (Bouwmeester et  al. 1995; 
Bruneton et al. 1987). According to Svoboda and Greenaway (2003), there are two 
kinds of secretory glandules: those that secrete from the plant through exogenous 
means and those that secrete from the plant through its own internal organs. In one 
or more plant organs, they are also concentrated in the cytoplasm of some secre-
tory cells. 

2.5.1  Tissue for External Secretion 

The papillae of the skin are conical epidermal cells that secrete essences typically 
found in Rosa spp. flower petals. The secretory bristles, or glandular trichrome orig-
inate from epidermal cells. They are typical of the Lamiaceae family and serve as 
the site of essential oil biosynthesis and accumulation (Turner et al. 2000). A pocket 
between secretory cells and a common cuticle holds the produced essential oil. 

2.5.2  Tissue for Internal Secretion 

The plant itself contains this tissue. The secretory canals that separate them are tiny 
canals (Apiaceae) whose walls are made of seated secreting cells and sometimes 
span the entire length of the plant. The secretory, or schizogenous pocket is a spheri-
cal intercellular space that is filled by droplets of essential oils made by the cells that 
border it. Cells that secrete intracellularly are isolated with the ability to secrete and 
store EOs in their vacuoles. These cells, such as cinnamon cells, laurel leaves, and 
the calamus rhizome, die when the concentration of EOs reaches high levels. 

Experts consider essential oils to be the source of chemical signals that enable 
plants to control and regulate their environment. Climate, soil composition, plant 
organ, age, and vegetative cycle stage may all influence the quality, quantity, and 
composition of the essential oil extracts (Masotti et al. 2003; Angioni et al. 2006). 

2.5.3  Methods for Essential Oil Extraction 

Several extraction techniques are used to obtain essential oils from plant raw materi-
als (Wang and Weller 2006; Starmans and Nijhui 1996). There are two categories of 
these techniques—advanced/innovative methods in addition to conventional/classi-
cal methods. In recent decades, research into new technologies (ultrasound, 
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microwave) has resulted in the development of novel, more effective extraction pro-
cedures (reduction of extraction time and energy consumption, increase of extrac-
tion yield, enhancement of essential oils’ quality). 

There are two standard methods for extracting essential oils: 

2.5.3.1  Traditional/Conventional Approach 
To extract essential oils from the plant matrix, these are standard procedures that use 
heating to distill water. 

Hydrodistillation 
According to Meyer-Warnod (1984), this is the oldest and most straightforward 
method for extracting essential oils. Avicenna, was the first to develop alembic 
extraction. He has obtained the rose’s first pure essential oil. In the alembic, the 
plant material is directly submerged in the water and brought to a boil. The extrac-
tion apparatus has a heating source that is topped by an alembic-shaped vessel in 
which we could put plant material and water. In point of fact, the molecules of water 
and essential oils combine to form a heterogeneous mixture at atmospheric pressure 
and during the extraction process (heating). While the essential oil components’ 
boiling point is extremely high, the water molecules’ boiling point is closer to 
100 °C. Water has the advantage of being immiscible with the majority of essential 
oils’ molecules. As a result, essential oils can be easily separated from water by 
decanting after condensation. Additionally, it makes it possible to recover almost all 
of the essential oils in the vapor through the plate column. 

Steam-Water Entrainment 
One of the official ways to get essential oils is through this method. According to 
Masango (2005), it is a widely used method for extracting essential oils. The only 
difference between this and hydrodistillation is that the plant does not come into 
direct contact with the water. 

Vapor-Hydrodistillation 
Except for a system of perforated plates or grids that keep the plant suspended 
above the still base and out of direct contact with the water, extraction takes place 
within the alembic. Water vapors are injected into the plant matter to carry the vola-
tile materials and complete the extraction. There are fewer artifacts. The extraction 
time is reduced, and polar molecules are lost. 

Steam Distillation or Vapor Distillation 
Although the production of vapors takes place outside of the distillation alembic, 
this method has the same principles and benefits as vapor-hydrodistillation (Masango 
2005). After that, the steam can be superheated or saturated; the steam enters the 
lower portion of the extractor at slightly above atmospheric pressure and thus passes 
through. 
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Hydrodiffusion 
This is an example of vapor distillation, in which vapors flow downward. It is also 
known as down hydrodiffusion. 

Extraction with Organic Solvents 
An organic solvent is used to macerate the plant material, by removing the solvent 
at a lower pressure; the extract is concentrated. Compared to hydrodistillation, this 
cold extraction method prevents chemical effects and alterations. In fact, when 
plants are submerged in boiling water during hydrodistillation, some fragrance 
components become soluble in water and the medium pH drops to 4–7 (sometimes 
less than 4 for some fruits). The original plant species’ constituents undergo chemi-
cal modifications (hydrolysis, deprotonations, hydrations, and cyclizations) as well 
as the combined effects of heat and acid. Obtained essential oils differ significantly 
from the original essence, particularly when pH is low and boiling is prolonged. 
Contrarily, the foods and fragrances to which they are added are polluted by resi-
dues in organic solvent-derived extracts (Faborode and Favier 1996). 

Cold Pressing 
The most common method for extracting essential oils from citrus fruit zest is cold 
pressing. Oil sacs, also known as oil glands, break open during extraction and 
release volatile oils that are localized in the exterior of the mesocarp. By cold press-
ing, this oil is removed mechanically, resulting in a watery emulsion. Centrifugation 
is then used to recover the oil (Ferhat et al. 2007). In this instance, we get the citrus 
zest’s vegetable essence, which is used as a flavoring ingredient or additive in the 
food and pharmaceutical industries (including cosmetics and some home care 
products). 

2.5.3.2  Innovative Methods 
The thermolability of essential oil components, which undergo chemical alterations 
(hydrolyse, isomerization, oxidation) at high applied temperatures, is one of the 
drawbacks of conventional methods. As a result, the extracted essential oils suffer 
greatly in quality, particularly when extracted for an extended period of time. It is 
critical that extraction techniques preserve the chemical composition and natural 
proportions of essential oils. Additionally, new extraction methods must cut down 
on extraction times, energy use, solvent consumption, and CO2 emissions. 

Supercritical Fluid Extraction (SCFE) 
At well-defined conditions, fluids reach the supercritical state, critical temperature 
(Tc), and pressure (Pc). Then, fluids might exhibit properties that are very interest-
ing: (i) a density that is close to that of liquids; (ii) a high diffusivity; and (iii) a low 
viscosity. Due to its numerous benefits, carbon dioxide is typically the solvent of 
choice for the extraction of essential oils: (i) it is simple to reach the critical point; 
(ii) insensitive to thermolabile plant essence molecules; (iii) it is chemically inert 
and nontoxic; (iv) it is not flammable; (v) it is readily available in high purity at a 
relatively low cost; v) it is simple to remove its traces from the extract by simple 
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depression (Pourmortazavi and Hajimirsadeghi 2007), and (vii) its polarity is simi-
lar to pentane, making it suitable for lipophilic compound extraction. Several essen-
tial oils were extracted using SCFE (Braga et al. 2005; Carvalho et al. 2005; Khajeh 
et al. 2004; Aghel et al. 2004). In order to separate the obtained extract from the 
fluid, the extract is routed to one or more separators, where the CO2 is gradually 
decompressed (thereby losing its solvent power). 

Liquids for Subcritical Extraction (H2 and CO2) 
The use of water in its subcritical state for the extraction of essential oils was dem-
onstrated in some studies. When the temperature is lower than the critical tempera-
ture (Tc) but the pressure is higher than the critical pressure (Pc), or vice versa, the 
system enters the subcritical state. Water and CO2 are the most commonly used 
fluids for EOs extraction at this point. The properties of obtained fluids are very 
interesting: low viscosity, a density that is comparable to that of liquids, and diffu-
sivity that is comparable to that of liquids and gas. Compounds that are thermolabile 
and volatile are not lost or degraded in this way. The essential oils produce little 
residues with excellent efficiency and quality. 

Extraction with Subcritical CO2  
When the temperature is between 31 and 55 °C and the pressure is between 0.5 and 
7.4 MPa, CO2 enters the subcritical state. According to Moyler (1993), CO2 acts as 
a non-polar solvent under these conditions. The high temperatures and presence of 
water in steam distillation and entrainment by vapor cause degradations, which this 
method avoids. The flavors of the extracts made using this method are very similar 
to those of fresh vegetable raw materials. Additionally, subcritical CO2 extracts have 
significantly higher quality than subcritical water extracts. 

Ultrasound-Assisted Extraction of Essential Oils (UAE) 
In 1950, laboratory-scale equipment was used to develop this method (Vinatoru 
2001). When combined with other methods (hydrodistillation and solvent extrac-
tion), ultrasound speeds up the release of essential oils from plant material, allowing 
for selective and intensified extraction. The vegetable raw material is submerged in 
water or a solvent while simultaneously being affected by ultrasound. Many essen-
tial oils, particularly from seeds, have been extracted using this method (Assami 
et al. 2012; Sereshti et al. 2012). However, Chemat et al. (2006) state that it was 
developed specifically for the purpose of extracting specific molecules of therapeu-
tic interest. 

Two kinds of phenomena are involved in the extraction mechanism, once the cell 
walls are broken, diffusion moves through them and removes the contents of the 
cells (Vinatoru 2001). In point of fact, the plant stores essential oils in particular 
internal or external structures in the form of glands containing essential oil droplets. 
Sonication is capable of easily destroying their extremely thin skins (in the case of 
external structures). The milling degree of plant material has a significant impact on 
yield for internal ones. Increased cell exposure to ultrasonically induced cavitations 
is evident when plant material is reduced in size. 
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Microwave-Assisted Extraction (MAE) 
The most prevalent frequency, 2450 MHz, which corresponds to a wavelength of 
12.2  cm, is an electromagnetic wave with a frequency between 300  MHz and 
30 GHz and a wavelength between 1 cm and 1 m. The use of microwave dielectric 
heating for the extraction of essential oils has received more attention. Starting with 
compressed air microwave distillation (CAMD) and vacuum microwave hydrodis-
tillation (VMHD), innovation in microwave-assisted extraction (MAE) led to the 
creation of numerous variations, including microwave-assisted hydrodistillation 
(Golmakani and Rezae 2008), solvent-free microwave extraction (SFME), 
microwave- accelerated steam distillation (MASD) (Chemat et al. 2006), microwave 
steam distillation (Sahraoui et  al. 2008), microwave hydrodiffusion and gravity 
(MHG) (Vian et  al. 2008) as well as portable microwave-assisted extraction 
(PMAE). Microwave-assisted extraction, primarily created by Chemat and his asso-
ciates (2006), quickly became one of the newest and most promising methods for 
extracting essential oils. It has simplified manipulation, reduced solvent consump-
tion, and lower energy requirements in addition to offering high reproducibility in 
shorter times. 

Solvent-Free Microwave Extraction (SFME) 
Chemat and his associates created this strategy. It consists of microwave dry distil-
lation of a fresh plant at atmospheric pressure without the addition of water or any 
organic solvent, based on the combination of microwave heating energy and dry 
distillation. Tissues swell and the glands and oleiferous receptacles burst when the 
in situ water content of plant material is selectively heated. Thus, essential oils are 
liberated, and they spontaneously evaporate through azeotropic distillation with the 
plant material’s water. A pilot scale was suggested, and it was found to be practical 
for use in industry compared to a scale from the SFME Lab. This method was used 
to extract a large number of essential oils at a laboratory scale. While conventional 
hydrodistillation takes 2 h, this method can isolate and concentrate volatile com-
pounds in just 30 min. 

Microwave Hydrodiffusion and Gravity (MHG) 
Chemat and his associates were the first to conceptualize and create MHG. Vian 
et al. (2008) came up with a method that used earth gravity and microwave heating 
of a reversed alembic at atmospheric pressure. In a reversed microwave reactor, no 
water or solvent is added to the plant material. Essential oils and plant water are 
released outside of the plant material as a result of the internal heating of the plant 
material’s water, which disperses the plant cells and causes the glands and oleifer-
ous receptacles to rupture (by heating microwave action). Extracts are driven from 
the microwave reactor’s top to its bottom by gravity to the cooling system. Chemat 
et al. (2006) identified microwave hydrodiffusion and gravity (MHG) as an environ-
mentally friendly, cost-effective strategy. 
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Microwave Steam Diffusion (MSDf) and Distillation (MSD) Processes 
Sahraoui et al. (2008) have investigated the MSD and the extraction of dry lavender 
flowers and essential oils extracted from orange peel. This innovative method out-
performs traditional steam distillation, providing important benefits such as notice-
ably reduced extraction time and better features. It also gives essential oils better 
sensory properties—better reproduction of the citrus essential oil’s natural fresh 
fruit aroma without significantly altering the volatile oil composition. With the addi-
tion of a microwave coaxial antenna that is suitable for the extraction of 100 kg of 
fresh plant material, MSD could be exploited at a large industrial scale due to its 
performance (Flamini et al. 2007). We looked into the microwave steam diffusion 
(MSDf). 

The Instantaneous Controlled Drop in Pressure 
K. Allaf and his associates specifically looked into this method for extracting essen-
tial oils (Kristiawan et al. 2008; Berka-Zougali et al. 2012). Essential oils and anti-
oxidants from vegetable matrices (Allaf et al. 2013), as well as both a pilot plan and 
a laboratory apparatus, were used to test this. For Lavandin essential oil, the instant 
controlled pressure drop (DIC) technology provides a better extraction yield, a 
shorter extraction time, and a significant reduction in energy and water consump-
tion. Following the treatment type HTST (high temperature/high pressure-short 
term), DIC is primarily characterized by a sharp decrease in pressure to the vacuum. 
When compared to progressive autovaporization, the phenomenon of abrupt 
autovaporization permits the evaporation of a greater number of volatile molecules 
and a rapid drop in temperature. There are typically four stages to DIC treatment: (i) 
creating an initial void; (ii) utilizing a steam bath at a predetermined temperature 
and pressure; (iii) instantaneous surrender to the void; and (iv) cell processing is 
brought back to atmospheric pressure. The recovered plant material could then be 
dried at room temperature and stored for future extractions (Allaf et al. 2013). 

Solvent Extraction 
Solvent extraction has been used traditionally for flower materials that are fragile or 
delicate and cannot withstand the heat of steam distillation. For extraction, a variety 
of solvents, such as acetone, hexane, petroleum ether, methanol, or ethanol, can be 
used (Areias et  al. 2000; Pizzale et  al. 2002; Kosar et  al. 2005). However, this 
method takes a lot of time, so the oils cost more than with other methods. Researchers 
used the solvent extraction method to extract Thymus praecox subsp. skorpilii var. 
skorpilii (TPS) essential oil with antioxidant activity. Thymol (40.31%) and 
o-cymene (13.66%) were found to be the primary components of TPS essential oil. 
Significant free-radical scavenging was accomplished by the water, ethanol, and 
methanol extracts. Total phenolics (6.211 mg gallic acid/g dry weight) and flavo-
noids (0.809 mg quercetin/g dry weight) are highest in the water extract. Additionally, 
the antioxidant activity of the water extract was higher than that of other extracts 
(hexane, dichloromethane, ethyl acetate, and methanol). However, due to inade-
quate removal, solvent residue may remain in the final product. According to Ferhat 
et al. (2007), this may affect the immune system, cause allergies, and be toxic. 
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According to Deng et al. (2005), conventional methods like steam distillation 
and solvent extraction have drawbacks like lengthy preparation times and a high 
concentration of organic solvents. As a result, the use of supercritical fluids as a 
substitute medium for essential oil extraction has been considered. Due to its low 
critical conditions, carbon dioxide (CO2) is the most frequently utilized supercritical 
fluid (Hawthorne et al. 1993; Jimenez-Carmona et al. 1999; Senorans et al. 2000). 
The volatile compounds, like monoterpenes, can be extracted from the supercritical 
fluid extraction (SFE) effluent by more than 90%, which is equivalent 
to Hydrodistillation (HD) after 4 h. Some organic compounds that HD could not 
extract were retrieved by SFE (Hawthorne et al. 1993). According to Pereira and 
Meireles (2007), supercritical fluid extraction is more cost-effective than steam dis-
tillation. This is primarily due to the latter’s lower yield and higher energy 
consumption. 

Under dynamic conditions, the subcritical water, also known as pressurized hot 
water, has been introduced as an extractant. This type of water has a pressure that is 
high enough to keep water in the liquid state and at a temperature of between 100 
and 374 °C. This method saves a lot of money on energy and plant material, yields 
a more valuable essential oil (with a higher concentration of oxygenated compounds 
and no significant terpenes), and is quicker (15 min compared to 3 h). When com-
pared to that which was obtained by boiling the mixture for 2 h and then extracting 
it using the Soxhlet apparatus for 6 h, the yields were 40 to 60% lower. 

2.6  Plant Essential Oil Chemotypes 

Due to their bioactive potential, a wide range of chemical compounds found in 
plants have been investigated as alternatives to conventional insecticides (Silva 
et al. 2007; Rattan 2010). The essential oils of plants, which are mixtures of various 
compounds and typically have high volatility, have demonstrated lethal and sub-
lethal effects on a variety of organisms. The complexity of essential oils and the 
potential for their components to have synergistic or additive effects are major con-
tributors to their effectiveness in insect control. The rapid degradation (e.g., high 
volatility) of plant chemical compounds, which reduces environmental contamina-
tion and adverse effects on non-target organisms, has served as the primary justifica-
tion for their use in pest management (Isman and Machial 2006). 

Due to the fact that some of these insects result in significant financial losses, 
conventional pest control of stored grain is a global concern. In the case of stored 
grains, insecticide residues could be harmful to human health. As a result, the poten-
tial of plant essential oils as an alternative for controlling stored grain insects 
through a variety of exposure routes has been examined in a number of studies (Liu 
and Ho 1999; Bouda et  al. 2001). The insects Sitophilus zeamais and Tribolium 
castaneum are regarded as widespread and significant pests due to their losses in 
stored grains. On S. zeamais and T. castaneum, the toxicity and repellency of essen-
tial oils from various Lippia alba genotypes (carvone chemotypes LA-13 and LA-57 
and citral chemotypes LA-10 and LA-44) as well as their major monoterpenes, 
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carvone and citral, were examined. To see if they could be used as infraspecific 
taxonomic characters, the essential oil compositions of 16 accessions of Ocimum 
basilicum belonging to various varieties were determined using fresh and freeze- 
dried leaves. Additionally, one O. citriodorum accession was investigated. There 
were 30 monoterpenoids, sesquiterpenoids, and phenylpropanoids found, with gera-
nial and neral in O. x citriodorum and linalool, methyl chavicol, eugenol, methyl 
eugenol, and geraniol in O. basilicum accounting for more than 20% of the essential 
oil composition. In the O. basilicum accessions studied, five major essential oil 
profiles could be identified using a combination of the latter compounds. Within 
O. basilicum, essential oil patterns and varietal classification appeared to have little 
correlation. O. basilicum’s use as a crop that produces essential oils, a culinary herb, 
a medicinal plant, and an insect-controlling agent all involve chemicals, so the infra-
specific classification of this taxon should take chemical characteristics into account. 
The essential oil chemotypes in O. basilicum are proposed to be categorized using 
a method. 

2.7  Plant Secondary Metabolites 
Characterization Techniques 

2.7.1  Gas Chromatography 

Gas chromatography-mass spectrometry (GC-MS) methods were used to examine 
bioactive metabolites, and after that, the methanolic extract’s in vitro antibacterial 
and antifungal activity was assessed. Compound analysis using gas chromatography 
and mass spectrometry was done on an E. coli methanolic extract. The 23 identified 
compound peaks from the GC-MS chromatogram were displayed. Dodecanoic 
acid, 3-hydroxyl, was identified as the first set up peak. The 13-Tetradecynoic acid, 
methyl ester, was identified as the second peak (Al-Rubaye et al. 2017). 

Eight intriguing matrices from an olive tree, Picudo cv., were examined using the 
robust LC-ESI/APCI-QTOF MS and GC-APCI-QTOF MS methodologies. The 
results offered a thorough coverage of their secondary metabolites (141 substances 
were identified in LC-MS and 58 in GC-MS), as well as trustworthy information 
about the distribution of their phytochemicals (Olmo-García et al. 2018). 

2.7.2  Liquid Chromatography 

The large variety of compounds that can be present, which vary in polarity and size 
(from simple phenolic acids to tannins), as well as the fact that many of these com-
pounds are present in food products at low concentration levels, make the analysis 
of polyphenols in food samples relatively difficult. The extraction and treatment of 
samples, as well as their separation, determination, and identification, have all been 
hampered by the chemical diversity of polyphenols. The most efficient method for 
structural characterization and identification of both low and high molecular weight 
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polyphenols in food samples is liquid chromatography combined with mass spec-
trometry (LC-MS) or tandem mass spectrometry (LC-MS/MS) (Lucci et al. 2017). 

For additional investigation using chemometric techniques like principal compo-
nent analysis (PCA) and partial least square discriminant analysis, both LC-MS and 
LC-HRMS (Liquid chromatography–high resolution mass spectrometry) produce 
data of remarkable quality (PLS-DA). Concentrations of relevant polyphenols (pro-
filing technique) or instrumental signals made up of intensity counts as a function of 
m/z and retention time make up the data to be evaluated (fingerprinting approach). 
Additional data treatments have proven to be quite effective at making it easier to 
extract pertinent data on the descriptive and functional properties of food products 
that can subsequently be used for characterization, classification, and 
authentication. 

2.7.3  Nuclear Magnetic Resonance (NMR) 

Nuclear magnetic resonance (NMR) is frequently used to investigate secondary 
metabolites in unprocessed plant extracts. It is the most effective method for identi-
fying unknown complex compounds’ structural composition. However, before 
acquiring NMR spectra, substances must first be isolated and purified for classical 
NMR research. Over the past 20 years, physical coupling between liquid chroma-
tography and NMR has been developed to shorten these time-consuming stages. 
Only in the past 10 years have routine LC-NMR applications been successfully used 
in practice. 

2.8  Phytochemical Genomics: An Emerging Trend 

Plants produce a wide range of phytochemicals, which are specialized or secondary 
metabolites and many of which are useful to people as medications and other health- 
improving elements. In contrast, some phytochemicals are toxic to people, hence 
measures must be taken to lower their concentration in diet. The study of the genetic 
basis of the biosynthesis and functionality of phytochemicals, notably based on 
sophisticated metabolomics, is known as phytochemical genomics. Metabolomics 
is frequently used in conjunction with Quantitative trait locus  (QTL) analysis of 
inbred lines and wild variants to understand the genetic basis of phytochemical 
synthesis (Kliebenstein 2009; Keurentjes et  al. 2006; Fernie and Schauer 2009; 
Schauer et al. 2006). A crucial aspect of phytochemical genomics is metabolomics 
(Saito and Matsuda 2010). To pinpoint the precise loci linked to these metabolic 
characteristics, relatively large numbers of samples need to be studied. The mecha-
nisms behind the production and use of a great variety of plant metabolites, as well 
as their control and evolution, are currently the subject of intense research in the 
field of secondary plant metabolism. A decade ago, such incredible improvement 
would not have been anticipated, and it has just recently occurred (Yonekura- 
Sakakibara and Saito 2009). No one would have predicted genomics-based studies 
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of hundreds of medicinal or exotic plant species before the development of phyto-
chemical genomics technology; genomics was only used for model plants or impor-
tant crops, whose genome sequences could only be revealed by sizable international 
research consortia. Yet, recently created mass DNA sequencers have made thorough 
genome and transcriptome sequencing feasible for regular phytochemical research-
ers who are looking into the synthesis of certain plant metabolites out of curiosity. 
One can create testable hypotheses regarding the activities of genes and metabolites 
by merging data sets from metabolomics and genomics/transcriptomics and under-
standing interactions between them (Higashi and Saito 2013; Yonekura-Sakakibara 
et al. 2013). The model plant Arabidopsis thaliana has a greater chemical diversity 
than previously thought, and an integrated investigation of the transcriptomes and 
metabolomes has largely helped to explain the relationships between genes and 
metabolites. 

2.9  Conclusion 

Essential oils are among the natural plant products that merit special consideration 
due to their widespread use in traditional therapeutic practices around the world. In 
order to increase recovery yields and ensure that the extraction processes do not 
damage the bioactive components of the essential oils, future studies should con-
centrate on extraction techniques that are both practical and affordable. In a variety 
model organisms, antibacterial, antioxidant, anti-inflammatory, and anticancer 
actions have been particularly proven. Conducting studies to produce higher oil 
yields is one of the most crucial factors to take into account for the use of essential 
oils in combating pathogenic bacteria resistant to antibiotics. Moreover, the extrac-
tion of essential oils from plant organs through distillation is today a very depend-
able and cost-effective process. Many preclinical research have examined the 
biological functions of essential oils in relation to their effectiveness, illuminating 
their mode of action and pharmacological targets in the process. To attain a high 
level of scientific evidence and determine the true efficacy and safety of plant prod-
ucts, more carefully planned clinical trials are required. Essential oils are generally 
thought to be safe, but because they are complex mixtures of substances, some of 
which are known to be skin sensitizers and allergens, they must be disclosed on 
cosmetics’ labels, especially for customers with sensitive, allergic-prone skin or 
pre-existing skin disorders who may choose to undergo patch testing before using 
products containing them. Specificity and cytotoxicity must be considered for an 
effective preventive and therapeutic usage of essential oils or their active compo-
nents. In addition, there is still a need to design and engineer novel techniques, in 
order to selectively address essential oil bioactive components to selected targets, 
which might accommodate the cytotoxicity feature. Considering their high molecu-
lar diversity and broad spectrum of activity, essential oils and their components 
would be among the finest agents to suggest for preventative medicine once cyto-
toxicity is under control. 
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3 Antioxidant Activity of Essential Oils: 
A Mechanistic Approach 

Bijendra Kumar Singh and Akash Maurya 

Abstract 

Essential oils (EOs) have long been extracted using a variety of techniques from 
different aromatic and therapeutic plants. Because of their antioxidant quality 
and attractive fragrances, they have found broad utilisation in various �elds as 
antioxidant, antibacterial, and antifungal agent in pharmaceutical, cosmetic, and 
food sectors. Antioxidants are a group of compounds that can prevent oxidation 
by acting as reducing agents, pro-oxidant inactivators, free radical scavengers, 
and radical species quenchers. Reactive oxygen species (ROS) interact with any 
material that may be oxidised and modify the structural makeup of the material 
as a result, causing oxidative damage. There are plenty of approaches available 
for the estimation of antioxidant activities of Eos; ABTS (2,2′-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) and DPPH (1,1-diphenyl-2-
picrylhydrazine) assays are frequently used methods. Since EOs contain a variety 
of active components, their antioxidant mode of action cannot be achieved by a 
single method of action. The EOs and its nanoencapsulated products are more 
effective as free radical scavengers in nature due to slow release, longer shelf life, 
and easily available in the medium without direct interference with food matrix. 
The application of EOs as antioxidants in real food systems have been associated 
with some hurdles, which could be overcome using the encapsulation technology 
and advanced food packaging systems. In this chapter, the antioxidant properties 
of EOs, estimation of antioxidant activities, mechanisms involved in antioxidant 
activity, encapsulation process with enhanced activity and applicability, its appli-
cation in real food systems, and future possibilities have been discussed. 
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3.1  Introduction 

A class of substances known as antioxidants are capable of inhibiting the oxidation 
process by acting as free radical scavengers, reducing agents, inactivators of pro- 
oxidants, and quenchers of radical species. Antioxidants are substances, when pres-
ent in foods or the body in very small amounts, which slow down, stop, or stop 
oxidative processes that result in food quality deterioration or the development and 
spread of degenerative illnesses in the organisms. Numerous organic antioxidants, 
such as polyphenols (anthocyanins, flavanols, and flavones), carotenoids, phenolic 
acids, tannins, lignin, and vitamins, are found in plants (Loi and Paciolla 2021; 
Arias et al. 2022). Due to its capacity to lower oxidative stress, several studies dem-
onstrate that antioxidants are crucial for preserving human health as well as for 
preventing and treating illnesses. In order to ensure the quality of functional foods 
and, more critically, to determine how effective food antioxidants are in preventing 
and treating illnesses associated with oxidative stress, it is crucial to measure the 
antioxidant activity/capacity of foods and biological samples (Munteanu and 
Apetrei 2021; Siano et al. 2023). 

There are numerous origins of ROS production. Different processes to control 
ROS production and availability, such as localised and compartmentalised creation 
as well as the activation of sinks (detoxifying factors) and redox relaying, are in 
place to keep their levels at physiological concentrations. The presence of free Fe2+ 
ions, which are engaged in the Fenton reaction, which produces the most reactive 
ROS form hydroxyl radicals with a single unpaired electron and the ability to react 
with almost all biomolecules, has a substantial impact on ROS reactivity. Due to the 
high reactivity of hydroxyl radicals, cellular problems such as altered protein struc-
tures, lipid peroxidation, and membrane disintegration occurs (Demidchik 2015; 
Acosta-Casique et al. 2023). One of the primary factors in food degradation is oxi-
dation. For instance, the oxidation of oil results in both poisonous and low- 
molecular- weight molecules with little taste. It also has other negative consequences, 
such as vitamin deterioration and important fatty acid loss, which reduces nutri-
tional values (Umaraw et al. 2020). The pursuit of efficient antioxidants from natu-
ral resources as alternative solutions to suppress food deterioration is now centred 
on edible plants because they have fewer side effects than the synthetic chemicals 
used in today’s food products, which is associated with growing consumer interest 
in natural food additives (Valdivieso-Ugarte et al. 2019). EOs are liquid composi-
tions of volatile chemicals that are frequently derived from aromatic plants. Natural 
antioxidants including polyphenols, carotenoids, and vitamins may come from 
plants and various plant components like flowers, stems, and roots. The biological 
benefits of EOs have been recognised, including their antiviral, antibacterial, 
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anti- inflammatory, and antioxidant activities (Tit and Bungau 2023). The use of 
natural and safer preservatives is on the rise, giving food an impression of being 
natural origin. EOs have received a lot of interest for usage as food preservatives. 
The popularity of EOs as a natural preservative is increasing since last decade due 
to growing concern of health-related issues caused by synthetic preservatives (Burt 
2004; Wu et al. 2019a, b; Falleh et al. 2020). 

There are numerous techniques that may be used to assess the transfer of the 
hydrogen atom or the transfer of electrons from antioxidants to free radicals directly. 
The antioxidant activities described for this technique category are typically linked 
to their ability to scavenge certain radical species, some of which may be synthetic 
and insignificant to biology. Some of these approaches have the drawback of not 
accurately reflecting the circumstances in oxidised food or in vivo cases (Munteanu 
and Apetrei 2021). ROS interact with other components that are susceptible to oxi-
dation and undergo structural changes to cause oxidative degradation. The category 
of ROS includes hydroxyl radicals (OH−), superoxide radicals (O2 

2−), hydrogen per-
oxide (H2O2), and alkoxyl (RO−). EOs slow down the beginning of antioxidant 
chains, free radical scavengers, hydrogen abstraction, and quenchers of singlet oxy-
gen production by a variety of direct and indirect mechanisms (Rodriguez-Garcia 
et al. 2016). 

For EOs to be used as food preservatives, precise knowledge of how food matrix 
components affect Eos’ antibacterial activity is needed. Despite their remarkable 
preservation and antioxidant efficacy, EOs have limited employment in the food and 
agricultural industries because of their volatility, hydrophobicity, and negative 
impacts on food organoleptic properties (Prakash et al. 2015; Falleh et al. 2020; 
Singh and Dubey 2023). It has been consistently justified to use encapsulation as a 
technical substitute to mask the extremely intense aroma of some of the EOs and 
increase its shelf life. By guaranteeing their equal dispersion in the media, EO 
encapsulation provides an effective method to boost their bioactivity and bioavail-
ability. The exterior protective layer utilised in the encapsulation functions as a 
hydrophilic barrier to EOs to get over their hydrophobic restriction (Nehme et al. 
2021; López-Gómez et al. 2023). By preventing exposure and degradation of EOs 
and their bioactive ingredients by forming a physical barrier and by facilitating their 
regulated release, nanoencapsulation looks to be a promising method to eliminate 
these restrictions. This results in increased bioavailability and efficacy. More focus 
should be placed on these particular parameters in order to achieve better nanoen-
capsulation and ultimately to their application into the food systems because a large 
number of intrinsic factors can affect the successful nanoencapsulation of EOs and 
their bioactive constituents into polymeric systems (Chaudhari et al. 2021; Singh 
et al. 2022a, b; Chaudhari et al. 2023). A lot of research has been done regarding the 
encapsulation materials, factors influencing the process, and behaviour of nanoen-
capsulated EOs in the real food systems. But there is need of more research to be 
carried out regarding the hurdles involved in the application of natural antioxidants 
such as EOs in real food systems and their large-scale practical applications, which 
is the demand of present-day generations and surely going to increase several folds 
in future. 
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3.2  Reactive Oxygen Species (ROS) and Antioxidants 

The term ‘ROS’ refers to a class of molecules generated via reduction-oxidation 
(redox) processes or electronic excitation and derived from molecular oxygen. 
Several kinds of ‘reactive species’ have piqued attention in biology and medicine 
(Hawkins and Davies 2019). Their names reflect the characteristics of the reactive 
atoms. There are several origins of ROS production. Different strategies to control 
ROS production and availability, such as localised and compartmentalised creation 
as well as the activation of sinks (detoxifying factors) and redox relays, are used to 
keep their levels at physiological concentrations (Sies and Jones 2020; Zeng et al. 
2023). ROS are a normal by-product of cellular aerobic metabolism in a biological 
setting and are primarily produced by mitochondrial respiration (Mailloux 2020). 
Free radicals are made up of atoms or molecules that have an unpaired electron in 
their outer shell, which makes them unstable and extremely reactive, or, to put it 
another way, makes them prone to ‘stealing’ electrons from other molecules (Pham- 
Huy et al. 2008). In addition, environmental pollution, exposure to xenobiotic com-
pounds, pesticides, and heavy metals, drug and alcohol usage, cigarette use, 
extended use of some medicines, and a number of other lifestyle choices adversely 
influence ROS production. Recently, free radicals have become more prevalent due 
to pollution, stress, and eating commercial food products (Al-Gubory 2014; Khalid 
et al. 2023). 

There are plenty of research material available depicting ROS as a signal factor 
taking part in defence mechanism and signal transduction, and considered as core 
contributors in complex signalling cascade. In reaction to stressors or other environ-
mental perturbations, physiological targets of oxidants operate as molecular redox 
switches in signal transduction at different levels of cell control (Mittler et al. 2011; 
Sies and Jones 2020). Generally, the functions of ROS in signalling are correlated 
with tightly controlled site- and time-specific modifications of ROS levels, whereas 
unregulated ROS accumulation as a result of either consisted or defective catabo-
lism, or their combined effect, is correlated with harmful oxidative effects that can 
result in cellular damage or even cell death (Mittler 2017). Through oxidative pro-
cesses, namely those involving protein thiol groups or iron-containing clusters, 
ROS can alter the structures and behaviours of proteins. However, the harmful 
effects of accumulating ROS are also used as chemical defence within immunologi-
cal repertoires of various species against pathogens, such as the ROS burst that 
causes plant cell death during the plant hypersensitive response to biotrophic infec-
tions (Eckardt 2017; Janků et al. 2019). 

Food rotting mostly results from chemical reactions that happen when food is 
exposed to air or when spoilage bacteria are present. ROS interact with any sub-
stance that can be oxidised and undergo structural changes as a result to produce 
oxidative damage (Gómez-Estaca et al. 2014). Additionally, ROS cause a number of 
unwanted and substantial changes in food, including a reduction in nutritional con-
tent and a loss of colour, taste, and odour. This process in packaged foods is typi-
cally thought to be started by a change in the oxidation state of the metals already 
present in the food and/or exposure to ultraviolet (UV) light, like sunlight. This 
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causes subsequent hydrogen extrapolation from fats, which in turn triggers subse-
quent reactions in nearby fat molecules (Shahidi and Ambigaipalan 2015). Moisture 
can contribute ROS formed from the food product’s water content, which is a deter-
mining factor in oxidation. Additionally, when oxidative reactions develop over 
time, a number of compounds (such as sugars and short-chain fatty acids) are made 
more accessible to spoilage microbes, making the food surface more inviting to 
them. Foods are also sensitive to oxidation, enzymatic activity, and the release of 
ROS (Carpena et al. 2021). 

Antioxidants are substances that have beneficial antioxidant effects due to their 
ability to provide electrons to neutralise free radicals and stop oxidation processes. 
Through a variety of processes, antioxidants scavenge ROS and help to convert it to 
less reactive and more stable forms (Pateiro et al. 2018). In order to be close to the 
places where ROS are produced, enzymatic antioxidants are localised in a variety of 
subcellular locales. Non-enzymatic antioxidants can come from inside the body or 
be obtained from food (Shields et al. 2021). There are around more than 6000 natu-
rally occurring chemicals that belong to the huge and varied family of secondary 
metabolites known as polyphenols, which have important biological functions 
linked to their antioxidant capabilities and free radical scavenging abilities 
(Buchanan et al. 2015; Tomás-Barberán et al. 2000). The highly reactive superoxide 
anion is changed into a less reactive hydrogen peroxide by the enzyme superoxide 
dismutase (SOD). Using transition metals in its active site, the enzyme catalyses the 
transfer of electrons through two redox processes. The enzyme known as superox-
ide dismutase (SOD) has a specific function in reducing the consequences of oxida-
tive stress caused by the presence of free radicals. SOD is involved in catalysing the 
recombination reaction of the oxygen radicals (Getzoff et al. 1983; Munteanu and 
Apetrei 2021)). 

In order to deal with hydrogen peroxide-producing processes, including those of 
the SODs, catalase (CAT) catalyses the conversion of hydrogen peroxide to water 
and molecular oxygen (Ighodaro and Akinloye 2018). The glutathione peroxidase 
(GPx) and glutathione reductase (Grx) systems must function at optimal glutathione 
(GSH) levels because GSH works to restore each enzyme to its active state. 
Additionally, GSH itself has the ability to function as an antioxidant, donating elec-
trons via the sulfhydryl group to lower and detoxify ROS (Birben et al. 2012). In 
addition to being a precursor molecule for GSH, N-acetyl cysteine (NAC) also pos-
sesses its own thiol group, which enables it to take part in redox processes and give 
its electrons for the detoxification of ROS and the defence of sulfhydryl-containing 
proteins against oxidative damage. 

The secondary metabolism in plants produces volatile aromatic molecules known 
as essential oils (EOs). Between a dozen and several hundred components make up 
each EO, the majority of which are terpenes and terpenoids, including oxygenated 
derivatives such as aldehydes, ketones, alcohols, ethers, esters, and epoxides (Bajpai 
and Baek 2016). Another biological characteristic of significant interest is the anti-
oxidant activity of EOs, which may help protect food from the harmful effects of 
oxidants (Valdivieso-Ugarte et al. 2019). Antioxidants have the function of neutral-
ising free radicals in biological cells, which have a detrimental effect on living 
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things. Bioactive EOs have been included into active food packaging due to their 
distinctive scent, tastes, and natural antibacterial properties to increase the shelf life 
and safety of perishable food. They have been categorised as natural preservatives, 
culinary flavourings, and therapeutic treatments because of plants’ antiviral, antimi-
crobial, and insecticidal properties (Bonda et al. 2020; Ni et al. 2021). 

3.3  Antioxidant Activity of EOs 

Recently, numerous studies have investigated the antioxidant activities of EOs due 
to their chemical compositions. Moreover, Phenols and other secondary metabolites 
are linked with double bonds that are responsible for substantial antioxidant activi-
ties (Prasad et al. 2022; Tiwari et al. 2022). Therefore, aromatic plant EOs and their 
major constituents are widely used as an alternative food additive to avoid the deg-
radation of the food products instead of suspected synthetic antioxidants such as 
butylated hydroxyanisole (BHA), butylated hydroxytoluene (BHT), and propyl gal-
late (PG) that pose potential adverse effects on human health (Maurya et al. 2021a; 
Al-Maqtari et al. 2021). EOs also exhibit important role in preventing ageing and 
variety of lifestyle-related diseases such as cancer, dysfunction, immune system 
decline, and heart disease due to closely associated with active oxygen and lipid 
peroxidation (Bhavaniramya et  al. 2019). Thus, the EOs were recommended as 
good substitute of synthetic antioxidants, because the majority of EOs are generally 
recognised as safe (GRAS) (Singh et al. 2022a, b). In addition, most of the plant 
EOs are rich in oxygenated monoterpenes such as aldehydes (Galagania fragrantis-
sima), alcohols (Achillea fillipendulina), ketones (Artemisia rutifolia, Anethum gra-
veolens, and Mentha longifolia), and esters (Salvia sclarea). However, phenolic 
terpenoids (Origanum tyttanthum and Mentha longifolia) such as thymol and carva-
crol exhibited strongest antioxidant activities in EOs, due to their phenolic structure 
(Bhavaniramya et al. 2019). Phenolic component has redox potential, thus, exhib-
ited significant role in free radicals’ neutralisation and peroxide decomposition. 
Additionally, some other EO components such as alcohols, ethers, ketones, alde-
hydes, and monoterpenes like citronellal, isomenthone, 1,8-Cineole, geranial/neral, 
menthone, linalool also play important role in the antioxidant activities (Angane 
et al. 2022). 

Maurya et al. (2022) investigated the dose-dependent free radicals scavenging 
activity of Carum carvi EO (CcEO) by using DPPH radicals, and they revealed that, 
IC50 value of CcEO was 10.564 μL/mL. The free radical scavenging activity pre-
sented by CcEO was found better than some of the formerly reported EOs such as 
Gaultheria fragrantissima (13.09 μL/mL) and Zingiber officinale (14.44 μL/mL) 
(Ramsdam et al. 2021). Similarly, El-Baroty et al. (2010) reported the antioxidant 
activity of 45 EOs of various plant species against the DPPH radical. In this work, 
they evaluated that EOs of clove bud and cinnamon exhibited the higher inhibition 
rates (approx. 96%), and these EOs have more than 80% of eugenol in their chemi-
cal composition. Moreover, Chaudhari et al. (2020) measured the radical scaveng-
ing activity of Pimenta dioica EO (PDEO) by DPPH and ABTS assay. They found 
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that, PDEO showed dose-dependent scavenging of free radicals and its IC50 value 
was 0.82 and 0.31 μL/mL for DPPH and ABTS, respectively. Thus, the lower IC50 
value of PDEO strengthens its strong antioxidant potential and plays as natural eco- 
friendly antioxidant for food preservation by reducing the oxidative burden of food 
products. In addition, Singh et al. (2021a, b) evaluated the highest DPPH and ABTS 
radical scavenging activity that was exhibited in the sequence Salvia sclarea EO 
(SSEO) and Linalyl acetate (LA) combination (0.0024, 0.00082  μL/mL)  >  LA 
(0.0047, 0.00093 μL/mL) > SSEO (0.0051, 0.00109 μL/mL), respectively. In this 
study, they found that combined mixture of SSEO and LA revealed significant IC50 
value as compared to some other previously investigated EOs such as Stachys 
inflate, Satureja montana, and Satureja subspicata EOs. The strong antioxidant 
potential corresponds to phenolic group in LA promoting the hydrogen donation 
and stability of phenoxyl radicals. Semeniuc et al. (2018) examined various EOs 
belonging to family Lamiaceae and Apiaceae, and found that thyme EO showed 
greater antioxidant activity due to the presence of phenolic rich compounds. Thus, 
the other plant species’ EOs and their variety of bioactive components with strong 
antioxidant capacities are relevant to use as a natural substitute of synthetic antioxi-
dant to reduce the oxidative deterioration of food and food items. 

3.4  Estimation of Antioxidant Activity 

Although ROS are challenging to detect precisely, especially in vivo, due to their 
short lifespan and strong reactivity, several techniques have been developed to 
quantify ROS directly (Griendling et al. 2016). Because it is challenging to measure 
ROS levels directly, researchers frequently measure ROS indirectly by evaluating 
oxidative damage to cell components or oxidative stress-related survival rates 
(Katerji et al. 2019). This consequence might also be caused by lower quantities of 
antioxidant or repair enzymes. Larger levels of oxidative damage are typically taken 
to mean increased levels of ROS. Increased amounts of ROS may be indicated by 
decreased tolerance to oxidative stress, but excessive levels of ROS can also pro-
mote the overexpression of antioxidant enzymes (Anaissi-Afonso et  al. 2018; 
Ahmad and Suzuki 2019). 

There are various analytical methods like DPPH (1,1-diphenyl-2- picrylhydrazine), 
ABTS (2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid), phosphomolybde-
num, reducing power and some other tests are known in identifying the antioxidant 
activity of EOs. Despite of merits and demerits of all analytical methods, it has been 
found that the most common and reliable methods are DPPH, ABTS, and reducing 
power assay methods (Munir et al. 2018; Vorobyova et al. 2019). 

3.4.1  Reducing Power Assay 

According to Oyaizu’s approach, the reducing power of the samples is assessed. A 
phosphate buffer (5 ml, 0.2 M, pH 6.6) and potassium ferricyanide (5 ml, 1%) are 
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combined with the sample in 1 ml of methanol, and the combination is then incu-
bated at 50 °C for 20 min. The reaction mixture is then mixed with 5 ml of 10% 
trichloroacetic acid, centrifuged for 10 min at 3000 rpm. The solution’s top layer 
(5 ml) is combined with ferric chloride (1 ml, 1%) and distilled water (5 ml), and is 
then tested for absorbance at 700 nm. An enhanced reducing power is shown by a 
greater absorption. In the process of developing corrosion inhibitors based on plant 
material, using an indicator of antioxidant activity as an indirect assessment of the 
inhibitory effect would save a lot of time and, more importantly, allow a greater 
proportion of the various types of plant material to be explored systematically 
(Maheshwari et al. 2011; Vorobyova et al. 2019). 

3.4.2  DPPH Assay 

The stable free radical DPPH interacts with substances that may give off an atom of 
hydrogen. This technique works by scavenging DPPH by including an antioxidant 
or radical species that changes the colour of the DPPH solution. One of the promi-
nent techniques for determining a compound’s capacity to scavenge free radicals is 
DPPH reactivity, which has been widely used to the antioxidants in fruits and veg-
etables. For plant samples, it is one of the most often used antioxidant tests. For this, 
the subsequent drop in absorption at 517 nm is used to calculate the antioxidant 
activity. It involves preparing a 0.1 mM DPPH solution in methanol and adding 4 ml 
of this solution, at different concentrations, to 1 ml of the sample solution in metha-
nol ((Munir et al. 2018). 

3.4.3  ABTS Assay 

One of the most often used antioxidant tests for plant materials is the ABTS radical 
scavenging technique. The oxidation of ABTS with potassium persulfate produces 
the ABTS radical cation, and its decrease in the presence of antioxidants that donate 
hydrogen is detected spectrophotometrically at 734 nm. The enhanced procedure 
uses ABTS and potassium persulfate to react, producing a blue/green ABTS+ chro-
mophore. Radical scavenging technique 2,2′-azinobis(3-ethylbenzthiazoline-6- 
sulphonic acid), also known as ABTS, was created by Rice-Evans and Miller and 
then improved by Re et al. (1999). Metmyoglobin is activated by hydrogen peroxide 
in the presence of ABTS+ to create a radical cation, which is the basis for the 
modification. 

3.4.4  Hydroxyl Radical Scavenging Assay 

The Fenton reaction, which takes place in the presence of reduced transition metal 
ions (such as Fe2+) and H2O2, can result in the formation of hydroxyl radicals. Since 
the hydroxyl radical is highly reactive with sugars, amino acids, lipids, and even 
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nucleotides, the antioxidant action of removing this radical is crucial. In this experi-
ment, ascorbate-hydrogen peroxide produces hydroxyl radicals. Typically, gallic 
acid is employed as a control solution. In an ultraviolet-visible (UV-Vis) spectro-
photometer, the mixture is heated for one hour at 37 °C before the absorbance is 
recorded at 510 nm (Diniz do Nascimento et al. 2020). 

3.4.5  Cellular Antioxidant Activity Assay 

This technique assesses the antioxidant activity using cell lines including Caco-2, 
HepG2, IPEC-J2, and MCF-7 cells as well as a biosensor (Wu et al. 2019a, b; Diniz 
do Nascimento et  al. 2020). Dihydrodichlorofluorescein (DCFH2, fluorescence 
probe dye) is used in certain research as a redox sensor. When peroxyl (ROO•), 
produced by the breakdown of 2,2-azobis(2-methylpropionamidine) hydrochloride, 
is present, it oxidises to fluorescent dichlorofluorescein (DCF). The technique 
assesses a substance’s capacity to prevent the oxidation of intracellular DCFH2, 
which may be detected by fluorescence. The amount of quercetin equivalents per 
mole is used to measure antioxidant activity. For one hour, the emitting fluorescence 
is measured every 5 min using absorbances of 485 nm and 535 nm (Amorati and 
Valgimigli 2015; Nascimento da Silva et al. 2016). 

3.5  Mechanism of Antioxidant Activity of EOs 

Preservation of food and food products faced a challenge due to oxidative deteriora-
tion, directly bound to the chemical composition of the food and food products 
(Pateiro et al. 2018). Oxidative deterioration is performed by the interaction of reac-
tive oxygen species (ROS) with other component vulnerable to be oxidised and 
suffer structural changes in the process. Hydroxyl radicals (OH−), superoxide radi-
cals (O2 

2−), hydrogen peroxide (H2O2), and alkoxyl (RO−) are classified under the 
category of ROS (Carpena et al. 2021). These ROS exhibited various undesirable 
and significant changes in foods such as reducing nutritional component, lowering 
their shelf life, loss of flavour, colour, and odour (Borges et al. 2019). 

In these references, EOs and their active components act as promising natural 
antioxidant due to presence of various secondary metabolites, have inherent ability 
to reduce or stop the oxidation of lipids, and enhance the shelf life of food products 
at relatively low concentration. Indeed, EOs have multiple mechanism of direct and 
indirect actions to slow down the antioxidant chain initiation, free radical scaven-
gers, hydrogen abstraction, and quenchers of singlet oxygen formation (Rodriguez- 
Garcia et al. 2016). In addition, due to the presence of various active component in 
EOs, their antioxidant mode of action cannot be performed in only single mode of 
action (Maurya et al. 2021b). Antioxidant mode of action of EOs occurs in three 
stages such as initiation, propagation, and termination. Hydroxyl group of EOs are 
generally the key site of hydrogen donation, inactivating the lipid peroxyl and lipid 
alkoxyl radicals (free radicals) produced from unsaturated fatty acids’ oxidation 
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(Fig. 3.1) (Pateiro et al. 2018). Moreover, their redox activities are due to their prop-
erty of electron donation to the free radicals, and reducing the other components 
from oxidising. In this way, phenolic compounds such as eugenol, carvacrol, and 
thymol can be used for the retardation of lipid oxidation of food and food products 
due to their redox potential (Jayasena and Jo 2014: Maqsood et al. 2014).  

3.6  Antioxidant Activity of Nanoencapsulated Eos, Edible 
Films, and Coatings 

EOs have an excellent source of phenolic components that exhibit antioxidant activ-
ity; however, their direct (free EOs) utilisation in food products has some limitations 
such as high volatility, lower antioxidant capacity compared to synesthetic, and also 
changes the organoleptic properties (Jamróz et al. 2018). Therefore, nanoencapsula-
tion of EOs and their bioactive constitutes has been proven to be an effective and 
promising technique to enhance the chemical stability of components by preserving 
them from volatilisation, organoleptic properties, and extending their effectiveness 
(Ozogul et al. 2022). Thus, the nanoemulsions applied in food packaging have range 
of advantages such as enhancing the antioxidant and antimicrobial activity, mini-
mising the contact with food ingredients, decreasing the transfer of important ele-
ments, and uniformity of food packaging (Al-Tayyar et al. 2020; Kocira et al. 2021). 
Moreover, antioxidant capacity of EOs can be demonstrated by their ability to act as 
oxygen scavengers and permit the diffusion of bioactive components into coated 
food items. 

In this context, recently, Zheng et al. (2019) investigated that incorporation of 
eugenol and acorn starch in edible chitosan-based film significantly enhanced the 
antioxidant activity (approx. 86.77%). Su et al. (2020) reported that cinnamon EO 
(0.1–0.38%) is encapsulated into chitosan nanoparticles via oil-in-water emulsifica-
tion and ionic gelation technique to develop biodegradable films. In this work they 
found that, percentage of radical scavenging activities of DPPH and hydroxyl radi-
cals was in the ranges of 20.6 to 56.9% and 21.0 to 53.4%, respectively. However, 
DPPH and hydroxyl radicals’ scavenging activities of free cinnamon EO were only 
19.5 and 22.6%, respectively. In a similar way, Wu et al. (2019a, b) demonstrated 
the antioxidant activities of chitosan-based coating with liposomes that consist 

Fig. 3.1 Schematic 
diagram showing 
antioxidant mechanism of 
action  

B. K. Singh and A. Maurya



69

laurel EO (lip-LEO) and silver nanoparticle (AgNPs). They found that Lip-LEO- 
AgNPs (32.95 μg FeSO4/0.1 mL) had excellent antioxidant activity, which showed 
no important difference in redox potential in comparison with Lip-LEO (31.31 μg 
FeSO4/0.1 mL). In comparison to blank liposome, Lip-LEO-AgNPs and Lip-LEO 
had good antioxidant activity due to chemical composition of laurel EO such as 
eugenol, cajeputol, terpinene, and geraniol, which have significant ability to capture 
free radicals. In addition, Doost et al. (2019) examined the free radical scavenging 
ability of thymol by incorporation into quillaja saponin (QS) stabilised nanoemul-
sions that was ameliorated for the purpose of depressing chicken breast meat oxida-
tion. Thus, the thymol molecules are more stable and soluble in delivery systems 
due to improved radical scavenging activity. Singh et al. (2022a, b) reported both 
the free and chitosan encapsulated nanoparticle antioxidant activity of Aniba rosae-
odora EO (AREO) against DPPḤand ABTS⋅+ radicals. They found that IC50 value 
of free AREO showed 4.468  μL/mL against DPPḤ and 2.370  μL/mL against 
ABTS⋅ + assay, while nanoencapsulated AREO (AREO-CsNe) exhibited enhanced 
free radical activity with IC50 3.792 μL/mL and 1.706 μL/mL against DPPH and 
ABTS+ respectively. In this way nanoencapsulated EOs improved the stability of 
number of oxidative-sensitive substances and reduce the volatilisation of their bio-
active ingredients. Thus, the antioxidant activity of active components could be sig-
nificantly protected by encapsulation technique (Zhaveh et al. 2015). 

3.7  Antioxidant Activity of Essential Oils in Real 
Food Systems 

One of the most significant factors in food deterioration is oxidation. It is a multilat-
eral reaction that results in unfavourable modifications to the nutritional value, 
organoleptic standards, food value, and the production of potentially hazardous 
chemicals. Food that has experienced significant oxidation has serious flaws and 
cannot be consumed. While oxidation may be detected by colour changes and the 
emergence of bad odours in food during processing and/or storage, the modification 
of the food’s primary constituents, such as lipids, is not always noticeable (Prakash 
et al. 2015; Falleh et al. 2020). At relatively low concentrations, antioxidant chemi-
cals can stop, modify, or even completely stop oxidative processes. Accordingly, 
EOs and their components are crucial in promoting antioxidant activity. 

The majority of the legal food additives are used for their preservation abilities, 
which are related to their acknowledged bioactivities. Acetic, malic, lactic, sorbic, 
and propionic acids, potassium and calcium acetates, carbon dioxide, benzoates, 
sorbates, propionates, nitrites, nitrates, and parabens are a few examples of addi-
tives with antimicrobial properties that can control food spoilage and/or prevent 
contamination by foodborne pathogens. Sulphites are the most common additives 
used to stop food from browning due to chemical or enzymatic processes (Wu et al. 
2022). Despite the fact that all of these substances are legal to use in the food indus-
try, the current fad is to swap out synthetic chemicals with natural ones. In this 
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regard, using EOs is viewed as an alternative to using artificial additives (Carocho 
et al. 2014; Ribeiro-Santos et al. 2017). 

Consumers’ growing health consciousness has generated unfavourable attitudes 
of artificial food additives. As a result, the food business began using a large number 
of natural and secure EOs as part of an ‘organic and green approach’, as a new bar-
rier to ensure the removal of pathogens from a particular food matrix (Falleh et al. 
2019). EOs can function directly or indirectly in a variety of ways, such as by stop-
ping the beginning of chains and scavenging free radicals (Rodriguez-Garcia et al. 
2016). Both the European Commission (EC) and the Food and Drug Administration 
(FDA) in the United States authorised a number of EOs and EO components, clas-
sifying them as generally recognized as safe (GRAS) to be used as flavourings and/ 
or preservatives in food items. Lavandin, menthol, rose, sage, oregano, cinnamon, 
basil, clove, coriander, nutmeg, ginger, and thyme EOs are among the list of crude 
EOs with the GRAS designation. The recognised EO components also contained 
substances that are all regarded as safe within the parameters of the recommended 
daily consumption, such as thymol, carvacrol, eugenol, linalool, carvone, vanillin, 
cinnamaldehyde, citral, and limonene (Hyldgaard et al. 2012; Falleh et al. 2020). 

Free EOs have been blended with various biodegradable substances, including 
paper and edible films. Paper and cardboard have historically been utilised as pack-
aging materials, but novel packaging solutions are constantly being developed, such 
as active cardboard trays covered with emulsions that include encapsulated EOs. 
These are frequently used as food and vegetable packaging materials (with water-
proof layers) and are viewed as a replacement for the packaging industry’s heavy 
reliance on plastics (Buendía et al. 2019; Derbassi et al. 2022). To create an aqueous 
dispersion for edible films, EOs are included into a hydrophilic matrix. As a result, 
the hydrophilic components of the film undergo structural rearrangement as the dry-
ing process causes the lipid droplets to get lodged in the matrix (Sánchez- González 
et al. 2011). Adding particular EOs (such as oregano, coriander, thyme, and clove) 
to meat as preservatives helps to eradicate numerous viruses and native flora respon-
sible for deterioration. After ingestion, EO components, especially thymol and car-
nosic acid, may build up to sufficient amounts in the animal’s muscle to operate as 
an efficient antibacterial agent (Burt 2004). 

It is important to note that the source and makeup of EOs affect their impact on 
food preservation. Precise information about the impact of food matrix components 
on Eos’ antibacterial activities is required for the application of EOs as food preser-
vatives. The volatility, hydrophobicity, and detrimental effects on food organoleptic 
qualities drive EOs’ limited employment in the food and agriculture industries 
despite their outstanding preservation effectiveness (Weisany et al. 2022; Polat and 
Aygun 2023). For a slow release of EO aroma suitable with food-based applications, 
particular delivery mechanisms are thus needed. Common EOs delivery methods 
include edible coating, active packaging, and nanoencapsulation. These methods 
facilitate EO dispersion while maintaining constant antibacterial activity and 
extending food shelf life. Additionally, regulated release behaviour exhibits 
improved diffusion kinetics and lessens the influence of EO on the organoleptic 
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qualities of food systems (Singh et  al. 2021a, b; Maurya et  al. 2021a, b; Lim 
et al. 2023). 

3.8  Conclusion and Future Perspectives 

Growing health consciousness among consumers has led to negative views against 
artificial food additives. It has been widely researched and found to be promising 
that EOs might be used in active packaging technology. Because of their accessibil-
ity and vast variety of biological activity, EOs and their constituents are significant. 
Another benefit is that when employed in the precise quantities, they do not alter the 
flavour and intrinsic properties of stored food products, prolonging its shelf life. 
Food storage stability is determined by the amount of antioxidant present, which 
may be assessed using both direct and indirect approaches. To measure the antioxi-
dant activity of EOs, a variety of techniques have been developed, and each tech-
nique employs a different strategy, indication, and analytical target. Using the most 
appropriate analytical techniques for each food product or antioxidant would be 
crucial for providing more precise information about the oxidation status and anti-
oxidants’ capacity. EOs embedded in nanoparticles are a relatively recent use in 
food packaging. With the regulated release of EOs, nanoencapsulation offers a lon-
ger and more efficient usage of the antibacterial and antioxidant impact while also 
limiting their strong aroma. 

A fresh viewpoint on the organoleptic qualities of food may be offered by the use 
of EO blends that are created in line with the features of the stored products. Novel 
methods may be useful to safeguard and enhance EOs’ features and biological 
activities due to their flimsiness under environmental challenges like temperature 
and light. Further research should concentrate on the mechanisms of action and 
synergistic effects between various EOs and their components. The EOs and their 
nanoencapsulated outcomes might be very effective as natural antioxidants in the 
present scenario of changing choices of the people and their heavy interest towards 
the natural products and preservatives. Thus, the antioxidant properties of EOs 
could be further enhanced by more suitable active packaging, synergism between 
involved components, and their more appropriate formulations using advanced 
techniques. 
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Abstract 

Consumption of contaminated food affects millions and may even lead to death. 
For this reason, foodborne outbreaks are considered a public health problem. 
Commonly, eating food contaminated with pathogenic bacteria involves treat-
ment with antimicrobials, like antibiotics. However, there is the aggravating cir-
cumstance of food contamination by resistant bacteria species (RBS). Microbial 
resistance to antimicrobials is an ecological problem and appears when microor-
ganisms adapt to continuous exposure to an antimicrobial agent. Thus, there is an 
interest in studying potential safe alternatives to conventional antimicrobials. 
Natural antimicrobials have been increasingly studied because they are com-
pounds naturally present in plants. Essential oils (EOs) are considered a complex 
mixture of aromatic and volatile compounds and have the potential to be applied 
as natural additives due to their natural biological activities, such as antibacterial, 
antifungal, and antiparasitic. Different EOs have exhibited antimicrobial proper-
ties against Gram-positive and Gram-negative bacteria species. This chapter 
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describes some investigations about the antimicrobial effect of different EOs 
against RBS. 

Keywords 

Bacterial resistance · Antibacterial activity · Essential oil · Foodborne pathogens. 

4.1  Introduction 

Consumption of contaminated food affects millions and may even lead to death. For 
this reason, foodborne outbreaks are considered a public health problem. Among 
the microorganisms that contaminate food and can cause food outbreaks are species 
of Bacillus, Campylobacter, Clostridium, Escherichia coli, Listeria monocytogenes, 
Salmonella, and Staphylococcus (WHO 2022a, b). 

Usually, ingesting food contaminated by pathogenic bacteria requires treatment 
with antimicrobials, like antibiotics. However, there is the aggravating factor of 
food contamination by resistant bacteria species (RBS). Microbial resistance to 
antimicrobials is an ecological issue and occurs when microorganisms adapt to con-
tinuous exposure to antimicrobial agents (Samtiya et al. 2022). 

For this reason, there is a worldwide effort among researchers regarding the 
study of possible safe alternatives to conventional antimicrobials. On the other 
hand, natural antimicrobials have been increasingly studied because they are com-
pounds naturally present in plants and can be extracted from different parts, like 
herbs, bark, buds, leaves, wood, roots, twigs, seeds, flowers, and fruits. Additionally, 
consumers are increasingly concerned and demanding the possibility of using safe 
and effective compounds. 

Among these alternatives are essential oils (EOs). EOs are considered a complex 
mixture of aromatic and volatile compounds. They can have 20 to over 80 different 
compounds (Freitas and Cattelan 2018; Mani-López et al. 2018; Bouymajane et al. 
2022; Jaouadi et al. 2023). 

Due to their high ability to eliminate free radicals, EOs have several natural bio-
logical activities, such as antibacterial, antifungal, and antiparasitic (He et al. 2020). 
For this reason, new sources and applications of EOs are being increasingly studied. 
For example, different EOs have demonstrated high antimicrobial properties against 
Gram-positive and Gram-negative bacteria species (Albaqami et al. 2022; Khedhri 
et al. 2022; Almeida et al. 2023). 

This chapter describes some investigations about the antimicrobial effect of dif-
ferent EOs against RBS. First, the concepts of microbial contamination are pre-
sented, followed by a topic about using natural compounds, specifically the EOs, as 
green alternatives to conventional antimicrobials. 
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4.2  Microbial Contamination and the Presence of Resistant 
Bacteria Species in Food 

Food contamination has been recognized as a global challenge by the World Health 
Organization (WHO 2022a, b). Food can be contaminated with biological, chemi-
cal, or physical agents (Kamala and Kumar 2018). The biological contaminants are 
present in several sources throughout the supply chain, from farm to fork (São José 
et al. 2022). According to the Centers for Disease Control and Prevention of the 
United States (CDC), 250 food outbreaks were recorded between 2017 and 2020, 
resulting in 14,312 illnesses, 3517 hospitalizations, and 65 deaths. However, the 
actual number of cases may be underestimated since many people do not seek medi-
cal care, making it difficult to know which bacteria could be causing the disease 
(CDC 2022). 

The occurrence of pathogens in food is dangerous because, usually, their pres-
ence in food does not guarantee changes in food’s physicochemical and sensory 
aspects. Bacillus cereus, Campylobacter jejuni, Clostridium botulinum, C. perfri-
gens, Escherichia coli, Listeria monocytogenes, Salmonella spp., Shigella spp., 
Staphylococcus aureus, Vibrio cholera, and Yersinia enterocolitica are some of 
many examples of common pathogenic bacterial species that can contaminate food 
and cause disease outbreaks. Although many of these disease outbreaks are self- 
limiting diarrheal syndromes in healthy humans, in some cases, ingesting contami-
nated food can cause life-threatening illnesses that require immediate and specific 
antimicrobial treatment to treat the infections in humans (Villa et al. 2016; Samtiya 
et  al. 2022). Antimicrobial drugs, like antibiotics, are also used globally to treat 
animal infections and prophylactically in production agriculture (Samtiya 
et al. 2022). 

However, in recent decades, cases of food contamination by RBS have increased 
(Rahman et al. 2022), more frequently in low- and middle-income countries than in 
developed countries, but it is considered a serious issue worldwide. RBS, also called 
antimicrobial resistance species or resistance genes, emerge when microorganisms 
alter their physiology or genetic makeup after regular contact with antimicrobial 
agents (i.e., antibiotics) (Samtiya et al. 2022). Additionally, when they acquire resis-
tance to antimicrobials, microorganisms can transmit this defense to other organ-
isms by the horizontal transfer of resistance genes (Villa et al. 2016). 

One of the mechanisms described for the antimicrobial resistance of bacteria is 
the efflux mechanism. These mechanisms transport proteins to eliminate toxic sub-
stances from the bacterial cell. The constant elimination of poisonous substances, 
like antimicrobials, makes them never remain at the proper concentration inside the 
cell to exert their antimicrobial action (Villa et al. 2016). 

Nevertheless, the massive and indiscriminate use of existing antibiotics also con-
tributes to the emergence of RBS. So, the increase in RBS and the scarcity of new 
antimicrobials require research on alternative strategies to deal with RBS (Chouhan 
et al. 2017). 

Like other microorganisms, RBS can contaminate food at any step, from the field 
to retail. Therefore, it is very crucial to ensure food safety and not expose the 
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consumer to hazards. For this, some points need attention. Firstly, it is necessary to 
identify the source of contamination, review the procedures adopted in production 
and handling, and apply strategies capable of reducing contamination. However, 
there is an increased demand for the study of new antimicrobial agents, so it is 
essential to understand and enable safe approaches to eliminate or reduce food con-
tamination, especially by RBS. 

4.3  Use of Natural Compounds as Green Alternatives 
to Conventional Antimicrobials 

The use of natural compounds obtained naturally from plants has gained popularity 
because people are increasingly concerned about the possibility of using safe and 
effective compounds in many areas. 

So, the biological properties of plants have been widely investigated since they 
often present low toxicity, besides a lot of potential pharmacological activities (e.g., 
antioxidant, antiseptic, antibacterial, antifungal, antiparasitic, and antiviral) 
(Seshadri et al. 2020). Among the new approaches of efficient natural antimicrobi-
als against pathogens, including RBS, is the use of EOs. EOs, or aromatic or volatile 
oils, are a complex mixture of aromatic and volatile compounds in various plants 
(Table 4.1).   

The EOs may contain between 20 and more than 80 compounds in different 
concentrations (Freitas and Cattelan 2018; Mani-López et  al. 2018; Bouymajane 
et al. 2022; Jaouadi et al. 2023). 

EOs are also known as bioactive secondary metabolites of plants, have low 
molecular weight, and have diverse chemical structures (Fig. 4.1). In addition, due 
to their hydrophobic nature, the compounds are soluble in organic solvents and have 
a lower density than water. For this reason, they are extracted by hydrodistillation, 
steam distillation, or solvent extraction methods and are commercialized like oily 
liquids (Chouhan et al. 2017; Freitas and Cattelan 2018).  

These secondary metabolites can be extracted from vegetative parts of plants, 
like bark, leaves, roots, herbs, and wood, or reproductive parts as flowers and fruits 
(Ali et al. 2022). 

Secondary metabolites are natural compounds synthesized by organisms or 
plants and are not essential to support growth and life (Pyne et al. 2019). They dif-
fer, for example, from primary metabolites like amino acids, nucleic acids, lipids, 
and carbohydrates. However, even though they are not essential for cell growth, 
these metabolites have biological activities, protect plants against many adverse 
environmental conditions, and have a survival function (Bhattacharya 2019; 
Mosunova et al. 2021). For this reason, EOs have an essential role in protecting 
plants against microorganisms, herbivores, and undesirable insects (Freitas and 
Cattelan 2018) because these organisms have a reduced appetite for plants that have 
these compounds (Chouhan et al. 2017). 

Moreover, when exposed to higher temperature conditions, for example, plants 
accumulate more reactive oxygen species (ROS), which are very harmful to cell 
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membranes and DNA. Therefore, in this high-temperature stress exposition, plant 
protection depends on increasing its capacity to scavenge the ROS and maintain the 
cell membrane stability. Thus, different metabolites, such as antioxidants (e.g., 
EOs), osmoprotectants, and heat shock proteins, are synthesized and accumulated 
by plants (Bhattacharya 2019). 

Because of their high biological activity and radical-scavenging properties, EOs 
have been explored as a natural antimicrobial and antioxidant component in many 
industries, like the pharmacological, cosmetic, and food industries. In addition, EOs 
demonstrate broad antimicrobial spectra, acting against either Gram-positive or 
Gram-negative bacteria besides yeasts and molds (He et al. 2020; Albaqami et al. 
2022; Khedhri et al. 2022; Almeida et al. 2023). 

EOs are chemically derived from terpenes and their oxygenated derivatives, like 
terpenoids, which are aromatic and aliphatic acid esters and phenolic compounds 
(Chouhan et al. 2017). The biological properties of EOs are determined by their 
chemical composition, but one to three significant compounds are usually respon-
sible for their antimicrobial activity (Freitas and Cattelan 2018; Mani-López 
et al. 2018). 

Furthermore, the chemical composition, and consequently the biological proper-
ties of EOs, can be affected by environmental factors such as plant variety/cultivar, 
soil, climate (temperature and humidity), geographic location, maturity degree of 
the plant, and harvest season, as well as the method of obtaining and extracting. 

For example, Kasrati et al. (2014) determined the volatile oil compounds of EOs 
from Thymus saturejoides collected from three places in Morocco. The sample col-
lected from a more arid local presented carvacrol (45.3%), p-cymene (8.9%), lin-
alool (8.4%), and borneol (7.5%) as the main constituents. On the other hand, EO 
from a medium arid site was mainly composed of carvacrol (26.5%), borneol 
(20.1%), camphene (8.0%), and terpinene (5.6%). At least, carvacrol (25.3%), bor-
neol (19.7%), camphene (7.6%), and p-cymene (6.6%) were the main compounds 
identified in the less arid site sample. Moreover, the EO from the more arid place 
showed higher antioxidant capacity and antimicrobial activity. 

In another study, Walasek-Janusz et al. (2022) investigated the chemical compo-
sition and variation in the antimicrobial activity of EOs from cultivars of Lavandula. 
Linalyl acetate and linalool were the main components of the EO in L. angustifolia 
and L. intermedia. Still, in the second variety, a high content of terpinen-4-ol 
(18.08%) was recorded, while in the other species, the content was less than 10%. 
However, the relationship analysis between the main components and the antimi-
crobial activity of EOs, demonstrated that linalool and terpinen-4-ol were the com-
pounds potentially responsible for this activity. 

In another research, three different species of Curcuma EO were evaluated 
(Albaqami et  al. 2022). In the chemical composition analysis, Curcuma longa, 
C. aromatica, and C. anguistifolia showed different compound profiles (Table 4.1). 
Besides, C. longa EO demonstrated higher antioxidant and antibacterial activities. 

In recent research, Jaouadi et  al. (2023) demonstrated that the occurrence of 
carvacrol in 14 Tunisian Thymus algeriensis EO samples was positively correlated 
to geographic and climate conditions, being the evapotranspiration, summer drought 
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Fig. 4.1 Examples of some chemical structures of bioactive compounds present in essential oils 
and their applications  

stress, and the temperature of the warmest months of the year. Furthermore, the 
antioxidant and anti-acetylcholinesterase capacity levels were linked to the chemi-
cal composition of EOs. More satisfactory results were described for EOs collected 
from the more arid zones, which had higher levels of carvacrol. 

On the other hand, Marangoni et al. (2023) extracted the Schinus terebinthifolia 
EO from leaves and stems collected from six states of Brazil. α-pinene and limo-
nene were predominant constituents of EO in five states, whereas α-phellandrene 
and limonene were the dominant components in the sixth place. Although the results 
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Table 4.1 Main components of various essential oils 

The scientific name of the plant Main components of EOa Reference 
Artemisia dracunculus L. Methyl eugenol 

β-Phellandrene 
(Sobieszczańska et al. 2020) 

Atractylodes lancea (Thunb.) 
DC 

β-Eudesmol 
Hinesol 

(He et al. 2020) 

Curcuma aromatic Camphor 
2-bornanone 
Curdione 

(Albaqami et al. 2022) 

Curcuma longa α-Phellandrene 
2-carene 
Eucalyptol 

(Albaqami et al. 2022) 

Curcuma anguistifolia Eucalyptol 
Curzerenoneα-lemenone 
Longiverbenoneα-curcumene 

(Albaqami et al. 2022) 

Cinnamomum loureirii Cinnamaldehyde 
Linalool 

(Seshadri et al. 2020) 

Eucalyptus sp. Eucalyptol (Khedhri et al. 2022) 
Evolvulus alsinoides Cis-α-Necrodol (Seshadri et al. 2020) 

Laurus nobilis 1,8-cineole 
α-Terpineol acetate 
Methyl eugenol 

(Nabila et al. 2022) 

Lavandula × intermedia Linalool 
Linalyl acetate 
1,8-cineol 

(Ramić et al. 2022) 

Lavandula sp. Linalyl acetate 
Linalool 

(Walasek-Janusz et al. 2022) 

Ocimum basilicum L. Eugenol 
Caryophyllene 

(Cai et al. 2022) 

Thymus vulgaris Thymol 
p-cymene 
Linalool 

(Benameur et al. 2019) 

Thymus zygis subsp. gracilis p-cymene 
Thymol 

(Bouymajane et al. 2022) 

aMain components refer to the compounds in higher amounts in the EO, according to the authors. 
EO: essential oil

have demonstrated that the EOs samples were different in their chemical composi-
tion, no difference in their anti-inflammatory and antihyperalgesic effects was 
observed. 

So, the antimicrobial activity of EOs depends on the interaction between the 
compounds and not only on the chemical variation that each one presents. 
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4.4  Antimicrobial Activity of Essential Oils against Resistant 
Bacteria Species 

Bacterial resistance is related to antimicrobial products’ effectiveness and 
microorganism- resistant mechanisms. The resistance could be intrinsic and is 
related to bacteria’s characteristics and tools, such as the generic efflux pump to 
remove antimicrobials from the cell, enzymatic inactivation, and permeability 
reduction. Genetic resistance can be obtained by horizontal gene transfer through 
bacteriophage, naked DNA, plasmids, integrons, or transposons. Furthermore, bac-
teria could use enzymes to modify drugs and plasmid-encoded efflux and unconven-
tional metabolic pathways to modify the drug’s target to decrease the effect of the 
antibiotic (El-Tarabily et al. 2021). 

Considering the occurrence of microorganism resistance against conventional 
antimicrobials, there is a proposal to use EO. However, there is no consensus on the 
mechanism of microbial inactivation by which EOs inhibit cells (Clemente et al. 
2016). In general, the lipophilic characteristic of EOs allows them to interact with 
the lipids in the cell membranes of bacteria. This interaction, consequently, affects 
cellular permeability, disturbing the structures and cellular functioning and causing 
cell death (Chouhan et al. 2017; He et al. 2020). However, the specific mechanism 
by which EOs exert antimicrobial activity depends on the oil and its chemical com-
position, the interaction between them, the concentration, besides the type of micro-
organism exposed. 

For example, Gram-positive bacteria are more susceptible to EOs than Gram- 
negative bacteria. It occurs because Gram-negative species have a rigid and more 
complex outer membrane due to lipopolysaccharide (LPS), which interferes with 
the diffusion of EOs through the cell wall. In contrast, Gram-positive bacterial spe-
cies are more sensitive to antimicrobial molecules because of lipoteichoic acid in 
the cell membranes (Yammine et al. 2022). However, according to Yammine et al. 
(2022), some studies indicated that Gram-negative bacteria are more sensitive to 
EOs, and different strains of the same bacterium may exert highly variable responses 
to EOs. Therefore, differences in the mechanism of action and antimicrobial capac-
ity can be observed for the same microorganism subjected to different oils. 
Furthermore, the same oil can present different results against species of the same 
genus or microbial group (Clemente et al. 2016). Thus, it is essential to evaluate the 
antimicrobial activity of different EOs against different bacteria and strains of the 
same bacterium (Yammine et al. 2022). 

Disc or well diffusion is one example of in vitro bioassays mostly applied to 
assess the antimicrobial capacity of EOs (Ali et al. 2022; Li et al. 2022). The disk- 
diffusion method, or plate diffusion, tests the efficiency of different antimicrobials 
in creating a halo of inhibition. First, the microorganism is inoculated onto the plate. 
Next, wells are made, and antimicrobials are deposited in them. Finally, the plates 
are incubated, and after this period, the halos, or zones of inhibition (ZI), are mea-
sured. The results are expressed as millimeters (mm) of inhibition, representing the 
part with no microbial growth (Fig. 4.2).  

B. M. Lepaus et al.



85

Fig. 4.2 Antimicrobial efficiency evaluation scheme by the disc or well diffusion method in plates  

Besides, the minimum inhibitory concentration (MIC) is often evaluated. The 
MIC is the lowest concentration of some antimicrobial agents that completely 
inhibits the organism’s growth in the bioassay. Time-kill assays also can be applied 
to comprehend the effect of EOs in microbial cells. Based on the period to produce 
an effective antimicrobial action, the EOs can be divided into compounds with slow 
activity and compounds that act faster (Chouhan et al. 2017). 

EOs and their component parts are hydrophobicity, and they align between the 
fatty acid chains of cell membranes, destabilizing fats in the cellular membranes, 
and favoring the disruption of the cell structures. When membrane stability is lost, 
consequently, this fact tends to the destruction of microbial species owing to the 
leakage of essential elements from the microbial cell. Numerous substances regu-
late drug resistance by exploiting efflux pathways of various species of Gram- 
negative microbes (Hou et al. 2022; Yammine et al. 2022). 

According to Hou et al. (2022), EOs disrupted the cell structure and occasioned 
the breakage of the cell membrane surface and increased permeation that disturbs 
the energy process, membrane transport, growth regulation, and other processes of 
microbial metabolism. Yammine et al. (2022) mentioned that another mechanism of 
action had been suggested for phenolic compounds in EOs, and this indicated that 
they interfere with specific proteins, inhibit flagella and toxins synthesis, suppress 
the expression of bacterial genes of biofilm formation, interfere in quorum sensing 
signaling, and stop cell division, thus leading to cell death. 

Figure 4.3 illustrates some of the cellular changes in bacterial cells that can occur 
after exposure to EOs. These changes occurred after a cascade of reactions involv-
ing the entire bacterial cell. These modifications include the difference in the perme-
ability of the membranes, loss of essential intracellular compounds (i.e., proteins, 
adenosine triphosphate [ATP], and DNA), inhibition of the energy generation mech-
anism, the release of enzymes and electrolytes, collapse of the cell, and finally, 
microbial death.  

The improper application of antimicrobials conducts to drug resistance which 
affects animal and human health (Yasir et al. 2024). Next, some in vitro studies that 
evaluated the application of EO on different bacterial species that commonly con-
taminate food will be described. 
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Fig. 4.3 Examples of mechanisms by which essential oils exert antimicrobial activity on bacte-
rial cells  

4.4.1  Escherichia coli 

Escherichia coli is a resident bacterium of the gastrointestinal tract, but some strains, 
such as Escherichia coli (EPEC), enteroinvasive Escherichia coli, enterotoxigenic 
Escherichia coli (ETEC), enterohemorrhagic Escherichia coli (EHEC), enteroag-
gregative Escherichia coli, adherent Escherichia coli, and adherent-invasive 
Escherichia coli, could cause foodborne illnesses related to cause gastrointestinal 
and extra-intestinal disorders (Dávila-Aviña et al. 2020). Since it is a highly patho-
genic bacterium and frequently related to foodborne outbreaks, several studies have 
tried to study the effects of different EOs on E. coli cells. 

As mentioned in the section above, phenolic compounds presented in EOs have 
antibacterial activity. Thus, in this context, Dávila-Aviña et al. (2020) evaluated the 
effects of the phenolic compounds (tannic acid, gallic acid, methyl gallate, and epi-
gallocatechin gallate) on the growth, swarming motility, biofilm formation, and 
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expression of selected virulence genes of three E. coli pathotypes (EPEC, EHEC, 
and ETEC). All phenolic compounds were bactericidal with minimal bactericidal 
concentrations (0.07 to 2.1 mg/mL), and tannic acid was the most effective com-
pound for inhibiting swarming motility (99.5–100%). For gallic acid, these authors 
observed reduced biofilm formation in all the tested strains. 

Yasir et al. (2024) evaluated the antibacterial activity of EOs (thyme, oregano, 
lemongrass, mint, and rosemary) against multidrug-resistant foodborne pathogens 
isolated from raw milk and observed that EOs showed a broad range of antimicro-
bial activity against all bacteria except Pseudomonas aeruginosa. Furthermore, 
thyme was more effective against most of the multidrug resistant bacterial strains 
and formed the largest zone of inhibition (26 mm) against Escherichia coli. 

In another research, a ZI of 30.1 mm was recorded after the exposure of E. coli 
to Atractylodes lancea EO. Moreover, the MIC and MBC (minimum bactericide 
concentration) values registered were 32.0 and 64.0 μg/mL (He et al. 2020). 

Zhou et al. (2021) evaluated the EO of rhizomes of Alpinia galanga (AGREO) 
against the Enterohemorrhagic E. coli O157:H7 (EHEC O157) bacteria. The MIC 
and minimum bactericide concentration (MBC) values of AGREO against EHEC 
O157 were 2.5 mg/mL and 5.0 mg/mL, respectively. The reduction of EHEC O157 
counts in the 1/2 MIC group reached 1.23–3.25 log CFU/mL, and the bactericidal 
effect was more marked when treated with AGREO at MIC. 

Another study, performed by Benameur et al. (2019), investigated the suscepti-
bility of Enterobacteriaceae producing blaESBL to Slovakian Thymus vulgaris EO 
(TVEO). The composition of TVEO was determined using a gas chromatograph- 
mass spectrometer. TVEO demonstrated excellent activity against E. coli S22/12, 
including blaESBL generating isolates, with ZI and MIC values ranging from 24 to 
40 mm/10 μL. 

The in  vitro antibacterial activity of cinnamon, thyme, and clove EO against 
E. coli (ATCC 25922) was also reported, with MIC values ranging between 2.5 and 
5 μL/mL (Oulkheir et al. 2017). Clove EO was used to determine antibacterial activ-
ity by the agar well diffusion method. It was found that clove oil successfully inhib-
ited E. coli (MIC 2.5 mg/mL) (Nassan et al. 2015). Using disc diffusion and MIC 
assays, the cinnamon EO exhibited antibacterial activity against E. coli with an MIC 
value of 4.88 μg/mL (Atki et al. 2019). 

The bacterial inhibitory activity of EO Linalool-loaded biocapsules against 
E. coli has been evaluated by the agar well diffusion method (Parasuraman et al. 
2022). The pathogen exhibited maximum ZI of 17.23 and 13.42 mm for Linalool 
and linalool biocapsules at a concentration of (100 μg/mL), respectively. In addi-
tion, the MIC and MBC values were found to be 32 μg/mL and 64 μg/mL for lin-
alool EO, respectively. However, the MIC and MBC values reported for 
linalool-loaded biocapsule were 128 μg/mL and 256 μg/mL, respectively. 

The addition of thyme EO at supplementation levels of 0.6 and 0.9% in Tryptic 
Soy Broth broth showed a higher inhibitory effect against E. coli O157:H7 as com-
pared to the addition at 0.3%. Both 0.6 and 0.9% levels showed no growth of viable 
cells of the pathogen on plates from 4 h and thereafter. The combined addition of 
EO at levels of 0.6% or 0.9% and nisin at 500 or 1000 IU/mL resulted in a robust 
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inhibitory effect against E. coli O157:H7. Regarding antimicrobial activity in 
minced beef meat, the samples treated with EO at 0.6% plus nisin at 500 or 
1000 IU/g presented populations of the pathogen significantly lower than the non- 
treated samples and the samples treated with either EO or nisin. In these samples, 
populations of E. coli O157:H7 were decreased to 3.1 log CFU/g on day 2 and kept 
almost unchanged up to the end of storage at 4 °C (Solomakos et al. 2008). 

Huang et al. (2017) extensively investigated the antimicrobial effect of different 
EOs against E. coli. The disk diffusion assay showed ZI values (including 6 mm of 
the paper disk diameter) of 12, 35, 15, 10, 37, 10, and 78 mm for L. cubeba, clove, 
humifuse euphorbia herb, nutmeg, laurel leaf, thymifolious euphorbia, and T. copti-
cum, respectively. The T. copticum EO showed the strongest and significantly higher 
antimicrobial activity than other EOs (ZI = 78 mm). Clove and laurel leaf EOs also 
inhibited E. coli cells (ZI >30 mm). The nutmeg EO showed the weakest antimicro-
bial activity (ZI <10 mm). Based on the results of the agar disk diffusion assay, 
clove, laurel leaf, and T. copticum EOs were selected for further analysis of their 
antimicrobial activity. The MIC values of these three EOs against E. coli were 0.5, 
0.5, and 0.25 μL/mL, respectively. The MBC values of the above three EOs against 
E. coli were 0.5, 0.5, and 0.4 μL/mL, respectively. Overall, the T. copticum EO had 
the best antimicrobial activity against the bacterial strains tested. 

When evaluating the antimicrobial susceptibility of E. coli ATCC 25922 and 
E. coli OI57:H7 CECT, 5947 to cinnamon and mustard EO, Clemente et al. (2016) 
reported MIC values of 25 and 200 (μg/mL) and 100 and 200 for the species, respec-
tively. In the time-kill assay, cinnamon EO had the fastest killing effect on E. coli 
growth. The bactericidal effect was observed after 5 h of incubation, while for a 
mustard EO, the lethal effect was observed only after 23 h of incubation. 

4.4.2  Staphylococcus aureus 

Staphylococcus aureus is a Gram-positive bacteria that can survive under aerobic to 
facultative anaerobic conditions and is usually found in the human microbiota. 
S. aureus is able to cause infectious diseases, which comprise endocarditis, pneu-
monia, bacteremia, meningitis, and others (Kumar and Kiran Tudu 2023). Multidrug 
resistance by S. aureus signifies a rapidly growing public health concern because 
this bacteria is recognized as an opportunistic pathogen responsible for infections 
and high mortality and morbidity rates (Merghni et al. 2018). According to He et al. 
(2020), S. aureus is considered a model bacterial species to evaluate antibacterial 
mechanisms. Several studies have assessed the effect of essential oils on S. aureus.  

According to Merghni et al. (2018), bacteria could develop various mechanisms 
to avoid the effects of antibiotics, and they comprise chemical changes and enzy-
matic inactivation, alteration of the target site, and decrease of intracellular antibiot-
ics concentration by changes in membrane permeability or efflux pumps. Natural 
compounds, such as flavonoids, could affect microbial virulence components, 
reduce host ligand adhesion, and defuse bacterial toxins. 
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Clove essential oil was an option of natural antimicrobial, and eugenol is the 
main compound (Bai et al. 2023). According to Bai et al. (2023), this essential oil 
showed antibacterial activities against S. aureus, and the antibacterial mechanism 
was possibly associated with the destruction of the cell walls and membrane, the 
inhibition of biofilm formation, the oxidative stress, and the disruption of DNA 
synthesis. 

The antibacterial activity and mechanism of cinnamon essential oil against 
S. aureus were evaluated (Zhang et al. 2016). These authors observed larger popula-
tions of sunken and malformed cells and swelling cell membrane-enclosed vacuoles 
after the application of cinnamon essential oil. Additionally, disruption of cell per-
meability was observed and caused leakage of electrolytes. 

Nabila et al. (2022) used the disc diffusion technique to investigate the antibacte-
rial activity of Laurus nobilis leaves EO against different species of Staphylococcus. 
S. faecalis and S. aureus demonstrated high antimicrobial resistance for the EOs 
tested, demonstrating a ZI of 13.6 and 11.2 mm, respectively, and MIC values of 
0.25 mg/mL. 

Al Zuhairi et al. (2020) demonstrated the antibacterial activity of Rosmarinus 
officinalis L. EO with ZI and MIC ranging from 7.00 ± 0.00 to 9.6 ± 0.32 mm and 
0.06 ± 0.00 to 0.16 ± 0.07 mg/mL, respectively. The MIC and MBC values were 
identical in each test. The EOs MIC against S. aureus was 0.06 mg/mL, while the 
EOs maximum ZI against S. aureus was 9.5 mm. 

Citrus medica L. var. sarcodactylis EO exhibited antibacterial activity against 
many pathogens, but the highest ZI was for S. aureus (19.2 mm) (Li et al. 2019). 
Ginger EO had a 17.1 mm ZI against S. aureus, with an MIC value of 1.0 mg/mL 
and MBC of 2.0 mg/mL (Wang et al. 2020b). 

Oh et al. (2022) found that citronella, lemongrass, and oregano EO vapors had 
the lowest MIC (0.0781 μL/mL), and caraway seed, carrot seed, and kanuka EO 
vapors had the highest MIC (0.3125 μL/mL) against S. aureus. Citronella, lemon-
grass, oregano, may change, and thyme thymol EO vapors had the lowest minimal 
lethal concentration (MLC) (0.1563 μL/mL), and caraway seed and kanuka EO 
vapors had the highest MLC.  Citronella vapor, in combination with lemongrass 
vapor, had the lowest fractional inhibitory concentration index (FICI) value (0.6250) 
when 1/8 MIC (0.0098 μL/mL) of citronella EO vapor was combined with 1/2 MIC 
(0.0391 μL/mL) of lemongrass EO vapor. A combination of citronella and oregano 
EO vapors showed partial synergism (FICI = 0.7500). 

Still, in the study conducted by Oh et al. (2022), peppercorns were treated with 
EO vapors (0.0781, 0.1563, and 0.3125 μL/mL; 37 °C; 24 h). The initial population 
measured immediately after S. aureus inoculation onto the peppercorn’s surface 
was 5.2 log CFU/g. After 24 h, the population decreased to 4.2 log CFU/g. Singular 
treatments with citronella, lemongrass, or oregano EO vapors at a concentration of 
0.0781 μL/mL reduced the S. aureus populations to 3.1, 3.6, and 2.3 log CFU/g, 
respectively, showing significant differences compared to the control (4.2 log 
CFU/g). The population decreased significantly as the concentration of EO vapor 
increased. At the highest concentration of single EO vapor treatments (0.3125 μL/ 
mL), the population of S. aureus decreased to <1.1–1.3 log CFU/g. 
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When citronella and lemongrass EO vapors were combined at a 1:4 vol. ratio and 
treated at a concentration of 0.0781 μL/mL, S. aureus populations were further 
reduced by 1.3 and 1.8 log CFU/g, respectively, compared to single treatment with 
either of the two EO vapors at 0.0781 μL/mL. Similar results were observed when 
citronella and lemongrass EO vapors were combined at a 1:2 vol. ratio. When citro-
nella and oregano EO vapors were combined at a concentration of 0.0781 μL/mL, 
inhibition was greater than that resulting from treatment with citronella EO vapor 
alone (P ≤ 0.05), but not oregano EO vapor alone (Oh et al. 2022). 

A study investigated the antimicrobial efficacy of various EOs against antibiotic- 
resistant S. aureus. The isolates of S. aureus exhibited resistance to methicillin, 
cefoxitin, ampicillin, amoxicillin, penicillin, amoxicillin-clavulanate, ciprofloxacin, 
erythromycin, and gentamicin. The highest ZI was described for Cinnamomum 
verum (22.67  mm), followed by Eucalyptus globulus (18.67  mm) and Syzygium 
aromaticum (12.67 mm). Among the EO studied by the authors, E. globulus pre-
sented the lowest mean MIC value (0.33 mg/mL) (Ali et al. 2022). 

Atractylodes lancea (Thunb.) DC, an important traditional herb used in eastern 
Asia, was studied as a source of EO for microbial inactivation of S. aureus. The ZI 
of the EO was 28.2 mm, whereas, for penicillin and streptomycin, sulfate was 28.6 
and 11.5 mm, respectively. Besides, the MIC value for the EO was 64.0 μg/mL (He 
et  al. 2020). Moreover, S. aureus was destroyed by different concentrations of 
A. lancea essential oil, and the authors suggested that the cell membrane might be 
the antibacterial target of A. lancea essential oil. 

Eucalyptus globulus essential oil and 1,8-cineole were applied to control the 
antibiofilm and antiquorum sensing activities of methicillin-resistant S. aureus 
strains (Merghni et al. 2018). Eucalyptus globulus essential oil showed effective of 
antiquorum sensing action, even at a low concentration against S. aureus. 

4.4.3  Campylobacter spp. 

Campylobacter spp. is a Gram-negative, microaerophilic bacteria that present a spi-
ral shape (Balta et  al. 2021). Campylobacter spp. are present as normal enteric 
microbiota in animals (chicken, pigs, and cattle) but could affect humans through 
consumption of contaminated foods. Campylobacter jejuni and C. coli cause acute 
bacterial gastroenteritis and are considered emergent pathogens (Aslim and Yucel 
2008; Ramatla et al. 2022). 

Like other pathogenic bacteria, Campylobacter spp. Could acquire antibiotic 
resistance, and in this context, natural compounds could be an alternative (Aslim 
and Yucel 2008). Natural antimicrobials avoid the growth and development of 
pathogenic bacteria, but not sure how it happens. For Campylobacter spp., there is 
information that these compounds may have an anti-virulent effect. It is important 
to highlight that the chemical composition of plants is associated with antimicrobial 
function, as hydroxyl (-OH) could connect to bacterial cell membranes and destroy 
these structures, causing cell membrane lysis and microbial killing (Balta et al. 2021). 
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Aslim and Yucel (2008) evaluated the antimicrobial activities of an essential oil 
of Origanum minutiflorum against ciprofloxacin-resistant Campylobacter spp. The 
essential oil presented carvacrol (73.9%) and p-cymene (7.20%) as the most impor-
tant components of O. minutiflorum. MIC values for bacterial strains, which were 
susceptible to the essential oil, were in the range of 7.8–800 μg/mL. The authors 
concluded that this essential oil presented a powerful antimicrobial action against 
all the tested ciprofloxacin-resistance Campylobacter spp. 

Aiming to evaluate the anti-Campylobacter activities of the lavender EOs 
(Lavandula × intermedia), their MIC against C. jejuni NCTC 11,168 and C. jejuni 
11168ΔluxS were determined. The most favorable effect was shown by samples 
from the group of EOs: EO ‘Bila,’ EO ‘Budrovka’ SN, e EO ‘Budrovka’; the MICs 
for all EOs were 0.25 mg/mL. Lavandin EOs proved most effective against C. jejuni 
biofilm formation, whereas lavandin EO ‘Budrovka’ SN and ‘Budrovka’ reduced 
the biofilm formation by approximately 85% (Ramić et al. 2022). 

In the study of Duarte et al. (2016), the antibacterial activity of coriander EO and 
its major compound, linalool, against C. jejuni and C. coli was assessed by the disc 
diffusion and vapor-phase methods. Both compounds, when tested at the pure state, 
inhibited the microbial growth of the strains all over the plate (ZI >85 mm) by dif-
fusion in the agar medium. The antibacterial activity was also assessed by the broth 
microdilution method. The MIC values obtained for the linalool were equal to the 
ones obtained for the coriander oil, ranging between 0.5 and 1 μL/mL. All tested 
strains presented an MIC value of 0.5 μL/mL for both coriander oil and linalool, 
except for C. jejuni 224,421, which was resistant with an MIC of 1 μL/mL. 

Thanissery et al. (2014) studied different oils against C. jejuni and C. coli. Thyme 
and clove EO showed the strongest antibacterial activity, resulting in no visible 
growth on the plates. Rosemary and orange EO obtained a ZI of 13.5 and 17.5 mm, 
respectively. The orange oil in the Thyme-orange combination (TOC) was associ-
ated with a decrease in the activity of thyme. However, TOC produced a ZI of 
22 mm for C. jejuni and 21 mm for C. coli. 

Using the disc diffusion assay, Kurekci et  al. (2013) demonstrated that 
Leptospermum EO and Lemon Myrtle EO (LM) showed the highest activity toward 
C. jejuni and C. coli. Tea tree EO (TT) showed antimicrobial activity against both 
bacteria tested, with the ZI varying between 12.7 and 30 mm. It was also highly 
antimicrobial toward C. coli (30 mm) and C. jejuni ACM 3393 and C338 (29.3 and 
26.7 mm, respectively). All formulations of neem EO formulated with other ter-
penes, as determined by the disc diffusion method, were antimicrobial toward 
Campylobacter spp. The broth dilution assay was used to assess the MIC of selected 
EOs and compounds. The MICs observed ranged from 0.001 to 1%. TT was the 
most effective with an MIC of 0.001%, followed by Leptospermum oil, LM (0.01%), 
terpinen-4-ol, and α-tops (0.06%) toward C. jejuni. 

The antibacterial activity of O. compactum EO (OC), R. officinalis (RO), M. pule-
gium EO (MP), and L. stoechas EO (LS) against Campylobacter strains isolated 
from food was assessed using agar well diffusion assay for. The OC has very potent 
activity against all tested C. jejuni, and C. coli isolates, in which the measured ZI 
ranged from 15 mm to more than 80 mm and from 24 mm to 60 mm, respectively. 
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LS has shown a high anti-campylobacter effect which registered the highest ZI for 
C. jejuni (ranging from 48 to more than 80 mm), followed by C. coli (ranging from 
24 to more than 80 mm), except C. jejuni isolated from raw milk (clinical mastitis 
case). The quantitative antibacterial effect of OC, RO, MP, and LS was evaluated in 
a liquid medium at final concentrations ranging from 0.063% (v/v) to >2% (v/v) 
using the microdilution technique. Overall, the MIC amounts were equal to MBC 
values indicating a bactericidal effect of three EOs, in particular in LS against 
C. coli and C. jejuni. RO had a bacteriostatic impact against the tested bacterial 
strains (el Baaboua et al. 2022). 

4.4.4  Salmonella spp. 

Salmonella is a Gram-negative bacteria associated with foodborne pathogens and 
causes more than 93.8 million cases of gastroenteritis every year. Salmonellosis is 
frequently associated with symptoms of diarrhea, fever, nausea, and abdominal dis-
comfort (Tsai et al. 2017; Liu et al. 2022; Roasto et al. 2023). 

Strains resistant to numerous antimicrobials have been described in human and 
poultry samples (Barbosa et  al. 2020). Essential oils have exhibited bactericidal 
action against foodborne pathogens, such as Salmonella (Arellano et  al. 2021). 
According to Barbosa et al. (2020), the association of antibiotics with essential oils 
could be an efficient strategy for the control of multiresistance and dose reduction. 
Next, some research results will be presented with the application of essential oils 
in the control of Salmonella. 

Barbosa et al. (2020) evaluated the effect of the Origanum vulgare EO, thymol, 
and carvacrol against Salmonella Enteritidis ATCC 13076 to understand its antibac-
terial action mechanisms. According to the authors, protein expression indicated a 
stress response with variance expressions of chaperones and cellular protein synthe-
sis. Thus, the effects of EO were especially related to thymol, and there was a dis-
ruption in protein regulation and DNA synthesis. 

Thanissery et al. (2014) investigated the antimicrobial effect of rosemary, clove, 
and a mix of thyme-orange EO against different Salmonella species. Thyme oil had 
the highest mean of ZI (18.5  mm), followed by clove (13.8  mm) and rosemary 
(7.8 mm). An interesting observation was made after thyme-orange EO application, 
in which the combination resulted in a ZI of 20.5 mm, a higher value than the effects 
of individual EO, indicating a synergistic effect. The average MIC values for the 
oils of thyme, clove, and rosemary were 0.06, 0.11, and 0.88%, respectively. A 
higher concentration of orange oil (MBC > 1%) was required to inhibit Salmonella. 
The average concentration of the thyme-orange combination required for a similar 
bactericidal effect was 0.14%. 

The antibacterial efficacy of three rosemary EOs (REOs) against S. Typhimurium 
varied, according to Hao et al. (2022), with halos ranging from 18.33 to 23.67 mm. 
The Dutch Mill Rosemary EO exhibited the greatest inhibitory impact on 
S. Typhimurium (ZI = 23.67 mm). Furthermore, the antibacterial properties of three 
REOs were compared using MIC. Algarve Rosemary EO and Dutch Mill Rosemary 
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EO MIC values were 5 mg/mL, whereas, for Majorca Pink Rosemary EO, the MIC 
value was 10 mg/mL. REOs completely inhibited S. Typhimurium growth at the 
MIC level in LB broth within 24 h. REO dosages of 1/16 MIC or 1/8 MIC demon-
strated a slight inhibitory effect on the pathogen growth. In addition, the bacterial 
growth changed by REO at 1/2 MIC and 1/4 MIC compared to the control group. 

The MIC of EO against Salmonella cells ranged from 0.62 μL/mL to values 
higher than 40 μL/mL; hence several EOs exhibited significant antibacterial activ-
ity, with strain-dependent sensitivity. In general, the most sensitive isolate was 
S.  Derby, particularly susceptible to savory and thyme EOs (0.62  μL/mL). 
Caryophillus aromatics, Cinnamomum zeylanicum, and Origanum vulgare EOs 
showed similar efficacy against S.  Veneziana, S.  Thompson, and S.  Napoli, with 
MIC values of 2.50, 1.25, and 5.00 μL/mL, respectively. Although both Satureja 
montana and Thymus vulgaris showed the lowest MIC value (0.62 μL/mL) against 
S. Derby, Cinnamomum zeylanicum showed the strongest broad-spectrum activity 
instead (MIC between 1.25 and 1.87 μL/mL) (Rossi et al. 2019). 

The MIC and MBC values of thyme EO against Salmonella Typhimurium were 
described as 0.25 mg/mL and 0.5 mg/mL, respectively, by Lin et al. (2019), indicat-
ing an effective antibacterial agent against the bacteria. The bactericidal activity of 
thyme EO on S. Typhimurium growth was observed by a time-kill curve. After 0.5 h 
and 1 h of treatment, the total population of S. Typhimurium in the MIC group was 
reduced by about 99.23 and 99.89%, respectively, while the total population of 
S. Typhimurium was significantly reduced by about 99.99 and 99.999% in the MBC 
group. These results further revealed that thyme EO was an effective antibacterial 
agent against S. Typhimurium, showing a short period of inactivation. 

Curcuma longa, Curcuma aromatica, and Curcuma angustifolia EOs have been 
applied against Salmonella enterica growth. The ZI reported for the three EO was 
17.6, 16.1, and 15.5 mm, respectively. The MIC concentration (mg/mL) for C. longa 
was 0.625, whereas the other ones obtained a value of 1.250 (Albaqami et al. 2022). 

Almeida et al. (2023) tested the antimicrobial activity of oregano, thyme, clove, 
cinnamon, and black pepper EOs, free or in combination, in Salmonella sp. Among 
the free application of EOs, cinnamon EO showed better inhibition efficiency, 
obtaining lower MIC and MBC values. Regarding the combination of the EOs, 
oregano and thyme presented a synergistic effect. 

An example of a practical application is the use of essential oil microemulsions 
(suspensions of oregano oil at 0.1 and 0.3%, cinnamon oil at 0.3 and 0.5%, and 
lemongrass oil at 0.3 and 0.5%) on iceberg lettuce during 28-day storage at 4 °C. The 
authors verified that these compounds inactivate antibiotic-resistant Salmonella 
Newport with a reduction of 2.3–4.37 log CFU/g (Arellano et al. 2021). 

4.4.5  Pseudomonas spp. 

Pseudomonas is a Gram-negative bacterium, and an important species of this genus 
is the opportunistic pathogen Pseudomonas aeruginosa. P. aeruginosa demon-
strates resistance to many antibiotics. Furthermore, P. aeruginosa is resistant to 
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some EOs that are active against Enterobacterales and Gram-positive species (Pang 
et al. 2019; Tetard et al. 2022). 

In their research, Kaskatepe et al. (2016) determined the antibacterial action of 
cinnamon oil against carbapenem-resistant nosocomial isolates of Pseudomonas 
aeruginosa. The antimicrobial activity of cinnamon oil was evaluated by the disk 
diffusion method. The zone diameter was determined as 35 mm for P. aeruginosa, 
and only one P. aeruginosa isolate was resistant to the antibacterial action of cin-
namon brand 3. MIC was determined to be 0.0019 mL/mL. The authors concluded 
that cinnamon oil has the potential for use as an antimicrobial product in the phar-
maceutical and food industry. 

Yuan et al. (2023) evaluated rose essential oil on Pseudomonas putida, a com-
mon spoilage microorganism related to food contamination and foodborne illnesses. 
The MIC of rose essential oil against P. putida was 10 mg/mL, and the MBC was 
10 mg/mL. The authors concluded that the treatment with this essential oil caused 
disruption of the integrity of bacterial cell walls and membranes, leakage of cell 
contents, and destroying cell morphological structure. 

Clemente et al. (2016) tested the antimicrobial properties of mustard and cinna-
mon EO against different species of Pseudomonas. In general, P. aeruginosa, P. flu-
orescens, P. putida, and P. carotovorum were more sensitive to mustard than 
cinnamon EO. The MIC values reported after the antimicrobial activity of mustard 
EO were 12.5 μg/mL–25 μg/mL and 400 μg/mL–200 μg/mL, respectively. Regarding 
the killing kinetics of oils in P. putida cells, only 4 h was necessary to achieve a 
lethal effect of bacteria by mustard EO, whereas the killing time for cinnamon EO 
was 8 h. P. putida can degrade aromatic compounds, explaining why this pathogen 
was more resistant to cinnamon EO, that contains an aromatic compound (i.e., cin-
namaldehyde) as the major component. In another way, the main component of 
mustard EO is allyl isothiocyanate, an aliphatic compound, producing a faster bac-
tericidal activity against this bacterium. 

P. vulgaris and P. aeruginosa were tested for antimicrobial resistance to 
Atractylodes lancea EO. Both species showed a similar ZI, reaching a value of 26.2 
and 25.6 mm, respectively (He et al. 2020). 

Eucalyptus EOs from seven different species were tested against P. aeruginosa 
growth. The MIC values ranged from 24 to 30 μL/mL, and all were higher than the 
MIC value obtained by tetracycline. The results also demonstrated that the EOs 
could inhibit the bacterial adhesion process, preventing the formation of biofilm 
(Khedhri et al. 2022). Similarly, Polito et al. (2022) investigated the phytotoxic and 
antimicrobial activity of the different varieties of Eucalyptus EO against P. aerugi-
nosa. The MIC values varied from 28 to 30 μL/mL. In the antibiofilm formation 
assay, two doses were tested (10 and 20 μL/mL), and except for the E. bicostata, 
E. obliqua, and E. pauciflora at the lower concentration tested, all EOs proved capa-
ble of inhibiting biofilm formation. 

Sobieszczańska et al. (2020) determined the antimicrobial effect of tarragon EO 
and isolated compounds (i.e., methyl eugenol and β-phellandrene) against P. psy-
chrophila KM02, P. orientalis KM249, and P. fluorescens KM148. Concentrations 
of the sub-MIC of EO were 75.0  μL/mL for P. psychrophila KM02 and P. 
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fluorescens KM148; and 70.0 μL/mL for P. orientalis KM249. The sub-MIC for 
methyl eugenol was 10.0 μL/mL for P. psychrophila KM02, 12.0 μL/mL for P. ori-
entalis KM249 and P. fluorescens KM148, and the sub-MIC for β-phellandrene was 
8.0 μL/mL for P. psychrophila KM02 and P. fluorescens KM148; and 10 μL/mL for 
P. orientalis KM249. 

To evaluate the antimicrobial effects of green pepper EO and β-caryophyllene 
against P. aeruginosa KM01, Myszka et al. (2019) analyzed microbial growth by 
measuring the optical density. The values of MIC for green pepper EO and 
β-caryophyllene were 140 and 30 nl ml−1, respectively. Concentrations below the 
MIC of green pepper EO and β-caryophyllene (120 and 25 nl ml−1, respectively) 
were shown to partly inhibit P. aeruginosa KM01 growth. To extend the results 
obtained in the in vitro experiments, they evaluated the true effects of green pepper 
EO and β-caryophyllene on the growth and virulence activity of exogenously pro-
vided P. aeruginosa KM01 on model salmon-based products during storage. The 
results showed an inhibitory effect of examined substances on P. aeruginosa KM01 
growth. This inhibition was independent of the storage period and equaled 95% for 
green pepper EO and 90% for β-caryophyllene. The green pepper EO added to the 
marinade also attenuated the virulence of P. aeruginosa KM01 on salmon meat, as 
evidenced by the decreases in pyocyanin production (80%) and protease (90%) and 
elastase activities (70%). A similar antivirulence activity was exhibited by 
β-caryophyllene added to the salmon marinade. In this work, pyocyanin production 
and protease and elastase activities were decreased by 88, 40, and 30%, respectively. 

4.4.6  Bacillus spp. 

Bacillus strains are Gram-positive spore-forming bacteria and can be found in dif-
ferent environments (Faille et al. 2014). Bacillus species related to foods are abun-
dant, and their endospores can survive severe conditions and food processing. 
Bacillus cereus is a bacterium that causes foodborne diseases (Ayari et al. 2020). 
Generally, the symptoms associated with an illness caused by this bacteria are 
related to two types of toxins, causing vomiting and diarrhea, with a dose between 
105 and 108 CFU/g (Jin et al. 2020). 

The occurrence of multidrug resistance in pathogenic bacteria restricts the use of 
available antibiotics (Mujaddidi et al. 2021). Then, it is important to evaluate pos-
sible substitutes, such as essential oils. 

Mustard and cinnamon EOs were applied to investigate the antibacterial effect 
against Bacillus cereus. Cinnamon proved to be more effective against the pathogen 
than mustard EO, demonstrating an MIC value of 100 μg/mL as opposed to 200 μg/ 
mL.  Furthermore, there were high differences in the MBC values between both 
EOs. Mustard EO showed a lower MBC value (800 μg/mL) than cinnamon EO, 
which presented twice as much (>1600 μg/mL). No MBC value was determined by 
the authors since all the concentrations tested exhibited no bactericidal effect 
(Clemente et al. 2016). 
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The antibacterial activity of Atractylodes lancea EO against B. subtilis and 
B. cereus was reported by (He et al. 2020). For both species, the ZI was equal to or 
higher than those observed for penicillin and streptomycin sulfate. The MIC value 
for B. subtilis was 32.0 μg/mL and for B. cereus 64.0 μg/mL. 

The effects of Diallyl Disulfide (DADS) from garlic EO on the growth of 
B. cereus were determined and evaluated using the Gompertz model. In the control 
group, the growth curve included a lag time of 1.32 h, an exponential phase of 10 h, 
and a stationary phase with a B. cereus count of 7.86 log CFU/mL. When the con-
centration was ≥18 μg/mL, the lag time required for B.cereus growth increased with 
the rising concentration of DADS (0 μg/mL: 1.32 h; 18 μg/mL: 1.5 h; 30 μg/mL: 
6.33 h; and 60 μg/mL: 7.34 h), and the maximum loads of bacteria in the stationary 
phase decreased (0 μg/mL:7.86 log CFU/mL; 18 μg/mL: 7.54 log CFU/mL; 30 μg/ 
mL: 7.37 log CFU/mL; and 60 μg/mL: 7.20 log CFU/mL). After treatment with 
DADS, the production time for these two enterotoxins increased with the rising 
concentration of DADS (Nhe: 6–7 h; Hbl: 6.5–8 h). Meanwhile, the total counts of 
B. cereus required for toxin production also rose (for production of Nhe, the required 
count rose from 6.00 to 6.47 log CFU/g, and for the production of Hbl, the required 
count rose from 6.38 to 7.15 log CFU/g). The results indicated the effectiveness of 
DADS in inhibiting the enterotoxigenic nature of the bacteria, even at low concen-
trations (Jin et al. 2021). 

Misaghi and Basti (2007) used the concept log P% in a factorial design study to 
quantify the effects of EO, Nisin (N), Temperature (T), and Day (D) on the growth 
response of B. cereus in BHI broth. A higher inhibitory effect of both Z. multiflora 
Boiss. EO (containing 71.12% carvacrol) and nisin on B. cereus were observed 
when used together than applied alone, even at sub-inhibitory concentrations. The 
growth of the test organism at combinations of EO = 0.005% and N = 1.5 μg ml−1, 
and EO = 0.015% and N = 0.5 μg ml−1, even at the optimum pH level (7.4) and stor-
age temperature (30  °C) was strongly diminished (log P%  =  −3.85 and 
CN = 7.02 × 105 and log P% = −2.5 and CN = 3.5 × 105, respectively). The growth 
was completely inhibited at the combinations of EO ≥ 0.015% and N ≥ 1.5 μg ml−1at 
the same pH (7.4) and T (30 °C) during the study (log P% = −4.54 and CN = 3.5 × 106) 
and results of plate count of the first three tubes of these combinations which inocu-
lated with the highest level of inoculant (i.e., 105 CFU ml−1) were < 1 × 101 CFU ml−1 
(minimum limit of detection) after 43 days of storage in this study. 

A study by Jin et al. (2020) aimed to apply garlic EO to control the Bacillus 
cereus content in white sufu, a traditional Chinese fermented soybean curd. After 
treatment with 32.5 μg/mL (0.5 MIC) of EO, the B. cereus content reduced at all 
processing stages, indicating the effectiveness of EO in inhibiting B. cereus. EO 
treatment reduced the count of B. cereus to a level of 4.58 log CFU/g, which should 
lower the risk of foodborne illness. In addition, the final content of B. cereus in the 
EO group also meets the relevant regulations of the Hong Kong Food Microbiological 
Guidelines on microbes in ready-to-eat foods (<5 log CFU/g). The total bacteria 
counts were similar in the EO and control groups at the tofu, pehtze, salted pehtze, 
and D15 sampling points, but after 15 days of ripening, the total bacterial counts in 
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the EO group declined faster (from 6.27 to 4.77 log CFU/g) than in the control 
group (from 6.29 to 5.26 log CFU/g). 

The contamination of food causes food spoilage and disease. So, contamination 
control is essential to eliminate bacteria. Usually, synthetic preservatives are applied, 
but there is an interest in new potential natural antimicrobials (Ayari et al. 2020). 
Ayari et al. (2020) evaluated the potential interactions between eight essential oils 
(Basil, Cinnamon, Eucalyptus, Mandarin, Oregano, Peppermint, Tea tree, and 
Thyme) against Bacillus cereus LSPQ 2872. Cinnamon/Thyme and Oregano/ 
Thyme EO exhibited a synergistic effect against B. cereus. 

4.4.7  Listeria monocytogenes 

Bacteria genus Listeria includes 21 species, and one of them is Listeria monocyto-
genes. These bacteria are Gram-positive, short rods, facultative anaerobic and pres-
ent a ubiquitous nature and survive severe conditions. Listeriosis causes a high 
death rate (Kayode and Okoh 2022). 

According to Bermúdez-Capdevila et  al. (2022), antimicrobial resistance in 
L. monocytogenes biofilms is a risk, and that is important to develop strategies for 
the control, mainly substances that do not cause the generation of resistance to the 
biocide itself or cross-resistance to antibiotics. So, in this context, essential oil could 
be an option. Below are some results of works with the application of essential oils 
against different strains of L. monocytogenes. 

The antibacterial activity of Thymus zygis subsp. gracilis against different strains 
of L. monocytogenes was performed by disc diffusion method and broth micro- 
dilution assay. Results showed that the ZI ranged between 13.4 and 41.4 mm. The 
broth micro-dilution assay showed that the EO had the same MIC and MBC value 
(0.02%; v/v), demonstrating a bactericidal effect (MBC/MIC ≤4). The inhibition 
and eradication effects of the EO against L. monocytogenes biofilm were evaluated 
by crystal violet staining assay. The EO exhibited remarkable inhibitive ability 
against L. monocytogenes biofilm, with a MIC value of 0.02% after 24 h of treat-
ment. There was also an eradication effect on preformed L. monocytogenes biofilm 
after 72 h of treatment. The microbiological analysis of smoked fish contaminated 
with L. monocytogenes and treated with the EO (0, 0.005, and 0.01%) during 
30  days of storage at 8  °C shows the load of L. monocytogenes in the samples 
treated with 0.005 and 0.01% of TZG-EO reduced by approximately 2.77 and 2.00 
4 log10 CFU/g respectively, after 30 days of storage (Bouymajane et al. 2022). 

Another study also evaluated the antimicrobial effect of T. zygis EO against 
L. monocytogenes strains. The EO exhibited high antibacterial activity, with a ZI 
between 41.55 and 55.04 mm and an MIC of 0.05% (v/v) for three L. monocyto-
genes strains studied. Besides, the volatile compounds of the T. zygis EO also dem-
onstrated high antimicrobial activity with ZI from 36.13 to 50.43  mm. The 
antibacterial activity was observed by the time-kill curves, showing that T. zygis EO 
has a bactericidal effect at 1× and 2 × MIC for all strains of L. monocytogenes. 
Further, after 8 h of incubation, significant reductions in the logarithmic bacterial 
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counts were observed for L. monocytogenes LMG 16779 and LMG 16780 with 
0.5  ×  MIC, 0.25  ×  MIC, and 0.125  ×  MIC of T. zygis EO, while only the sub- 
inhibitory concentration of 0.5 × MIC had a significant reduction in L. monocyto-
genes LMG 13305. The effect of T. zygis EO in the formation of biofilms by 
L. monocytogenes strains was also evaluated, and the biofilm formation was inhib-
ited even at subinhibitory concentrations. The T. zygis EO showed biofilm inhibition 
values between 35 and 62.02% with the concentration of 0.5 × MIC and between 
16.85 and 40.27% for the concentration of 0.25 × MIC, showing the potential of 
biofilm inhibition by the EO even at sub-inhibitory concentrations (Coimbra 
et al. 2022). 

Carvalho et al. (2023) demonstrated that Melissa officinalis EO produced ZI of 
38.4, 54.6, and 48.6 mm for L. monocytogenes LMG 13305, 16,779, and 16,780, 
respectively, while the values for its volatile compounds were 35.5, 51.1, and 
46.1 mm. The MIC of the EO was 0.5 μL/mL for the three strains studied. Further, 
the anti-listerial activity was evaluated by time-kill curves, showing that the EO 
effectively controlled the growth of the three L. monocytogenes strains with a bac-
tericidal effect of the EO at 4, 2, and 1 × MIC. 

In solid medium and micro-atmosphere, the chitosan film added with Kernel EO 
almost didn’t show any antimicrobial effect against L. monocytogenes. Increasing 
the EO concentration increased the effectiveness of the chitosan film, and the con-
centration of 0.5 and 1.0% obtained ZI values of 67.3 and 80.3  mm2 in a solid 
medium. Besides, the growth reduction of 0.5 and 1.0% were 70.3 and 96.5% in the 
micro-atmosphere, respectively. In liquid media samples, the counts for L. monocy-
togenes were also gradually increased in the whole incubation time, and the counts 
for L. monocytogenes in liquid media samples treated by CS films were lower than 
that of the control sample. When applicating the chitosan film added with Kernel 
EO in sliced beef samples, the authors reported that the counts for L. monocyto-
genes in sliced beef samples treated by the films were lower than in the control 
sample (Wang et al. 2020a). 

Carvalho et al. (2023) evaluated Melissa officinalis EO’s antioxidant potential 
and antimicrobial activity against L. monocytogenes. The authors verified that pre- 
contact of the bacterium to subinhibitory concentrations of EO (0.125 μL/mL) did 
not cause high tolerance to stress conditions or cross-resistance with antibiotics. 
They also evaluated the use of EO in food models (lettuce, chicken, and milk) and 
watermelon juice, and the results indicated an antimicrobial activity in a lettuce leaf, 
further diminishing L. monocytogenes contamination. 

Gottardo et al. (2022) evaluated the anti-Listeria potential of isolated and com-
bined microencapsulated oregano and cinnamon essential oils in Italian salami. The 
2, 5, and 10% of combined EO produced inhibition halos between 20 and 38 mm. 
According to the authors, the application of 2% microcapsule had a significant 
reduction of L. monocytogenes. 

In a study, Bermúdez-Capdevila et al. (2022) proposed the application of new 
disinfectants with essential oils to biofilm control. The authors determined the MIC 
of four essential oils (cassia, clove, oregano, and cinnamon) in four L. monocyto-
genes strains. The authors observed that there were no differences in the biofilms 

B. M. Lepaus et al.



99

before and after contact with cassia, except for the CECT 935 strain. Furthermore, 
they determined that cinnamon oil obtained a significantly higher MIC value 
(4562.5 ppm) than cassia oil (412.5 ppm). 

4.5  Final Considerations 

The bacterial resistance to different antibiotics boosted the need to find alternatives 
to these compounds. Essential oils have the potential to be applied in the control of 
resistant pathogenic bacteria with several mechanisms of action. These compounds 
could act in membrane integrity and permeability, disrupt cell membrane and respi-
ratory processes, prevent biofilm development, and dysregulate quorum sensing 
interaction. However, there are variations in relation to the effects provided by these 
compounds. The different studies presented throughout this chapter indicated that 
there is variation in the diameter of inhibition zones formed by EOs. Different 
results could be associated with many factors, such as the composition of EOs, con-
centrations applied, and the target bacteria. The EOs can have the potential to be 
applied as an alternative antimicrobial option in cosmetics, food, and environmen-
tal areas. 
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Abstract 

Essential oils (EOs) are natural, low molecular weight secondary metabolites 
from aromatic plants. They are fat-soluble and soluble liquids in organic sol-
vents, usually with lower density than water. EOs are widely known for their 
taste, aroma, and antimicrobial activity. Its volatile nature, attributed to second-
ary metabolites, has antioxidant and antimicrobial potential, representing 
approximately 90% of the composition. Other non-volatile components (acids, 
sterols, waxes), present in smaller amounts, can also signi�cantly in�uence its 
bioactivity. Recent studies have shown antimicrobial, insecticide, or repellent 
action on pests using EOs. The use of essential oils proves to be a promising 
alternative to traditional arti�cial antifungals since they have effectiveness in the 
control of fungi related to food deterioration, low toxicity, act as preservatives in 
food. In this chapter, we will address the main fungi and yeasts responsible for 
the deterioration of fruits, the main essential oils used in food, and the applica-
tion of essential oils against fruit-deteriorating fungi.
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5.1  Introduction 

Essential oils (EOs) are natural, low-molecular-weight secondary metabolites 
obtained from aromatic plants. They are aromatic, fat-soluble, and soluble liquids in 
organic solvents, usually with lower density than water (da Silva et  al. 2021; 
Speranza and Corbo 2010). These substances can be extracted from parts such as 
leaves, branches, stems, seeds, and leaves (Arasu et  al. 2019; Maia et  al. 2015; 
Seshadri et al. 2020a). The main characteristics of these compounds are volatility 
and low solubility in water (Maia et al. 2015). In addition, some factors, such as 
genetic factors, climatic conditions, plant maturation stage, processing, concentra-
tion, and storage, can affect the composition and, consequently, the final quality of 
the product obtained (Barbosa 2010; Maia et al. 2015). 

With the advance of globalization, there has been a change in the eating habits of 
populations, while the use of food additives and pesticides in food has intensified. 
However, consumers have shown concern about the possible harmful effects of 
these substances, and the uncontrolled use of these can provide the fungal resis-
tance (e.g., Camele et al. 2012; de Corato et al. 2010; Seshadri et al. 2020a; da Silva 
et al. 2021). Thus, the use of less harmful antimicrobials is effective for the control 
of fungi and the promotion of food safety (Camele et al. 2012; da Silva et al. 2021). 
Therefore, these compounds have been widely used to increase the shelf life of 
processed and fresh foods and maintain sensorial characteristics due to their anti-
fungal activity (Seshadri et al. 2020a; Speranza and Corbo 2010). 

Furthermore, another critical factor is the control of post-harvest fungal deterio-
ration. Fruits are highly perishable, and their properties corroborate that there are 
more significant losses and waste, in addition to their structure providing greater 
susceptibility to deterioration by fungi (de Botelho et al. 2022). Moreover, fruits 
have high water and moisture activity and various nutrients, which favor increased 
deterioration reactions (de Corato et  al. 2010). Thus, care must be taken during 
cultivation, harvesting, and post-harvest to ensure the quality of the final product. 

The use of essential oils proves to be a promising alternative to traditional artifi-
cial antifungals since they have effectiveness in the control of fungi related to food 
deterioration, low toxicity, act as preservatives in food, and are generally recognized 
as safe (GRAS) (Arasu et  al. 2019; da Silva et  al. 2021; Simas et  al. 2017). 
Furthermore, several studies show the application of essential oils due to antimicro-
bial activity. The essential oils include clove oil, oregano, basil, thyme, rosemary, 
ginger, and cinnamon (Cui et al. 2020; Reis et al. 2020; Xu et al. 2022). 

In this chapter, we will address the main fungi and yeasts responsible for the 
deterioration of fruits, the main essential oils used in food, and the application of 
essential oils against fruit-deteriorating fungi.
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5.2  Food Spoilage Fungi 

According to de Botelho et al. (2022), fungi are eukaryotic organisms described as 
heterotrophic, unicellular, and multicellular organisms. The difference between uni-
cellular and multicellular is hyphae formation, a filamentous structure that forms the 
mycelium. Fungi produce spores that are related to the propagation of the species. 
These groups of microorganisms could be damaging to human health and cause 
mycoses and infectious diseases (de Botelho et al. 2022). In addition, there are fungi 
that cause food spoilage. Food, after being contaminated, can favor the multiplication 
of undesirable spoilage microorganisms causing damage to the product. Consequently, 
it causes economic losses and risks to the health of the consumer when mycotoxin-
producing fungi occur (Bernardi et al. 2019; Santana Oliveira et al. 2019). 

5.2.1  Contamination by Molds and Yeasts that Leads to Spoilage 

Fruits and vegetables are essential sources of nutrients for humans; they are good 
sources of vitamins, minerals, phytochemicals, dietary fiber, and antioxidants. 
However, about 45% of these foods are wasted annually due to spoilage caused by 
contaminated environments, inadequate harvesting conditions, unsafe handling and 
storage processes, and incorrect display methods (Alegbeleye et al. 2022; Saleh and 
Al-Thani 2019). Also, according to the Food and Agriculture Organization (FAO), 
about 15 to 50% of the total amount of fruits and vegetables worldwide were lost 
during the post-harvest process in the year 2011 (Gunny et al. 2021), and 1.3 billion 
tons of food are lost every year due to spoilage (Kaczmarek et al. 2019). 

Food spoilage has numerous socioeconomic implications, as it is related to food 
scarcity, waste, and hunger in some parts of the world, water stress, unnecessary 
loss of biodiversity, and increased emissions of greenhouse gases such as carbon 
dioxide and methane produced by spoilage, which contributes to the climate crisis 
(Alegbeleye et al. 2022). 

Although there are microorganisms naturally present on the surface of fruits and 
vegetables, which do not cause disease and yet can act as a natural biological barrier 
to contamination by pathogens or spoilage agents, molds and yeasts, in general, are 
the leading cause of spoilage of raw fruits (Kaczmarek et  al. 2019; Saleh and 
Al-Thani 2019). Molds can benefit human activities, as they are producers of 
enzymes, organic acids, and antibiotics and can be used in food production, for 
example. However, they can spoil various foods, from raw materials to finished 
products, causing changes in taste, odor, and spoilage. These degradative changes in 
food products due to microorganism contamination are responsible for losing food 
quality (Pandey et al. 2021; Quéro et al. 2019). The fermented aroma, sour taste, 
slimy surface, moisture, soft rot, discoloration, and even visible microbial growth 
characterize fungal contamination in many types of fruits (Kaczmarek et al. 2019). 

Also, they are a significant threat to human health and safety, resulting in food-
borne diseases due to the production of mycotoxins that can cause food poisoning 
and serious health problems to consumers, just as severe economic losses 
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(Alegbeleye et  al. 2022; Atif et  al. 2020a; Cai et  al. 2022; Pandey et  al. 2022). 
Furthermore, contamination by microorganisms and oxidation triggered by reactive 
oxygen species (ROS) are generally responsible for the spoilage of fresh vegetable 
foods and fruits during processing, transportation, and storage (Pandey et al. 2021). 

The richness of nutrients, sugar, carbohydrates, free amino acids, and the high 
water activity make them suitable for microbial growth and survival. However, bac-
terial spoilage in this food category is limited due to their low pH since bacteria 
typically grow at neutral pH. Thus, spoilage of these foods is usually associated 
with aciduric bacteria, molds, and yeasts (Alegbeleye et  al. 2022; Roumani 
et al. 2022). 

As the physiological ripening process of fruits and vegetables progresses toward 
senescence and possible spoilage, metabolic and developmental activity is main-
tained. During this process, various physiological and compositional changes occur 
that make fresh fruits and vegetables a suitable substrate for the proliferation of 
microorganisms. However, the chances of microbial spoilage becoming established 
depend on certain factors, such as surface morphology and topography, exudates 
from the plant surface, stage of development, and post-harvest handling. As soon as 
foods are removed from their natural supply of nutrients, their quality begins to 
decline. Therefore, the period of ripening and senescence is the most susceptible to 
spoilage (Alegbeleye et al. 2022). 

Spoilage microorganisms can be introduced into fruits and vegetables under dif-
ferent circumstances, in the farm, post-harvest handling, and processing, all of 
which can predispose these foods to spoilage. In addition, plants are usually grown 
in unprotected natural environments, where soils are teeming with life, making con-
tamination possible (Alegbeleye et al. 2022). 

Many soil microorganisms can be transferred to fruit or vegetable surfaces dur-
ing food production or processing. Soil particles, dust, air, and water used for irriga-
tion are common vectors and can carry fungal mycelium, spores, and live bacterial 
cells. Microorganisms can grow on fresh produce and have developed sophisticated 
biochemical mechanisms to break down food components, which provide them 
with the energy sources needed for growth (Kaczmarek et al. 2019). 

Microbial contamination of fruits and vegetables can come from various sources, 
including the farm environment, post-harvest handling, raw materials, and contact 
with processing equipment. In addition, food contamination can occur after harvest 
and processing. Several examples occur, such as significantly higher bacterial 
counts after processing, such as shredding, cutting, slicing, rinsing, and packaging, 
as debris and microorganisms can accumulate on the equipment that performs these 
operations. If effective hygiene practices are not followed during fresh produce pro-
cessing, new sources of contamination can be introduced (Kaczmarek et al. 2019; 
Seshadri et al. 2020a). 

Furthermore, it is worth noting that specific post-harvest practices can promote 
the establishment of existing microorganisms or introduce new contamination 
(Alegbeleye et  al. 2022). Thus, misbehaving practices in fruit handling, such as 
packing in plastic cages, stacking cages that cause pressure on the fruit leading to 
mechanical damage, high temperature during marketing, and pecking or biting by 
insects and wild animals that damage the outer cover of the products. This can cause 
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damage such as wounds, abrasion, hematomas, perforations, cracks, breaks, or 
compression of the cellular and tissue structure that accelerate the contamination 
process and this favors the growth of microorganisms, such as fungi, prematurely. 
In addition, when the fruit is affected by molds and the fungal hyphae spread in the 
intercellular spaces and inside the parenchyma cells, they secrete enzymes that 
cause tissue maceration, eventually leading to fruit compromise (Alegbeleye et al. 
2022; Moustafa 2018). 

Applying good agricultural practices could reduce food loss from spoilage at all 
stages of vegetable production. The Federal Drug Administration (FDA, 2008) has 
a guide to minimize microbial food safety hazards for fresh vegetables (Guide to 
Minimize Microbial Food Safety Hazards of Fresh-cut Fruits and Vegetables) that 
recommends good practices for food producers, packers, and transporters to reduce 
the common microbiological hazards often associated with their operations 
(Kaczmarek et al. 2019). 

It is also worth noting that several sources of contamination precede the harvest, 
such as seeds, agricultural water, soil, manure, biological alterations, livestock/ 
wildlife, and humans. Contamination at this stage is crucial because it can deter-
mine the establishment of pathogens and spoilage within plant product tissues, 
making them impossible to remove by sanitizers or other decontamination strate-
gies (Alegbeleye et al. 2022). 

5.2.2  Main Molds and Yeasts that Spoilage Fruits 

Plant-derived foods are often subject to spoilage by molds and yeasts, and contami-
nation can occur from various sources described above (Table 5.1). 

Members of the phylum Ascomycota, Basidiomycota, and Zygomycota are some 
of the most prevalent fungi. In addition, species of Penicillium, Alternaria, Botrytis, 
Fusarium, Cladosporium, Phoma, Trichoderma, Lasiodiplodia, Aspergillus, 
Alternaria, Rhizopus, Aureobasidium, and Colletotrichum are often responsible for 
spoilage of fresh produce and production of mycotoxins that impact product quality, 
can cause health risks to consumers, and socioeconomic losses (Alegbeleye et al. 
2022; Kaczmarek et  al. 2019). So, Alternaria, Aspergillus, Penicillium, and 
Fusarium are the main genera of spoilage fungi present in the postharvest stage 
(Atif et al. 2020a; Sanzani et al. 2016; Seshadri et al. 2020a), in which they secrete 

Table 5.1  Fruit spoilage fungi and their effects 

Fungi/Yeasts Characteristics Contaminated fruit Reference 
Genus 
Alternaria 

Tenuazonic acid Wide range of fruits, 
tomatoes 

Moss (2008) 

Genus 
Aspergillus 

Black mold Grapes, apricots Alegbeleye et al. 
(2022) 

Genus 
Fusarium 

Fruit rot and crown rot Banana Alghuthaymi et al. 
(2020) 

Genus 
Penicillium 

Produced toxic patulin, blue 
and green rot of citrus 

Pears and apples, 
citrus fruit 

Neri et al. (2010) 
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a broad spectrum of enzymes such as amylases, cellulases, and pectinases that cause 
softening of plant tissues (Alegbeleye et al. 2022). 

5.2.2.1  Alternaria 
Alternaria is a fungal genus that has saprobic, endophytic, and pathogenic species 
and includes over 250 species. This group is related with a large range of serious 
plant pathogens that cause losses in large agricultural crops (de Botelho et al. 2022; 
de Lima et al. 2016). 

One of the important species in this genus is Alternaria alternata that is a prevalent 
phytopathogen, causing serious foodborne spoilage and producing mycotoxins (Wang 
et al. 2019). Black spot caused by Alternaria alternata is associated to significant 
losses during storage and transportation of fruits (Guo et al. 2022). Alternaria alter-
nata species are primarily responsible for causing brown spots on citrus fruits, also 
occur in a saprotrophic form on harvested fruits and vegetables, and can produce 
mycotoxins that exert poisonous effects after human consumption (Sanzani et  al. 
2016). The most important and frequent Alternaria mycotoxins are alternariol (AOH), 
and alternariol monomethyl ether (AME). The mycotoxins occur in  derived from 
cereals, fruits, and vegetables,  contaminating food and feedstuffs and could  cause 
genotoxicity, cytotoxicity, mutagenicity, and carcinogenic (Wang et al. 2019). 

5.2.2.2  Aspergillus  
According to de Botelho et al. (2022), Aspergillus is an anamorph genus belonging 
to the phylum Ascomycota. There are more than 250 species of saprophytic mold in 
this genus, and they present asexual spores called aspergillum. Aspergillus can 
occur in different types of environments as they adapt to various growing conditions 
such as temperature from 6 to 55 °C and relatively low humidity. In food, they are 
frequently found in spoiled products, such as grains, cereals, vegetables, fruits, 
juices, and cakes (de Botelho et al. 2022). 

Some species of the genus Aspergillus can affect entire plant organs and seeds 
and produce mycotoxins due to their secondary metabolism. Infection by these 
fungi usually occurs in the field, where the mycelium is confined to specific tissues 
(seed or fruit) (Sanzani et al. 2016). 

One of the main species of this genus is Aspergillus flavus. This species is a fac-
ultative parasite that naturally occurs as a saprophytic soil fungus and contaminates 
various food crops such as cottonseed, maize, peanuts, and tree nuts (de Botelho 
et al. 2022; Chiotta et al. 2020; Tian et al. 2022). However, it is important to mention 
that A. flavus produces aflatoxin, which is a carcinogenic and mutagenic secondary 
metabolite and affects animal and human (Tian et al. 2022). For control A. flavus 
and aflatoxin contamination is important to avoid the growth of spores and mycelia 
and the inactivation of aflatoxins. Usually, to achieve these results it is necessary to 
use substances such as synthetic fungicides, ozone fumigation, irradiation, cooking 
processes, and controlled environmental conditions. However, many of these strate-
gies are difficult, expensive, and inefficient. Then, considering this and the con-
sumer’s interest in ingesting products as natural as possible, essential oils could be 
a good option (Tian et al. 2022; de Botelho et al. 2022).
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5.2.2.3  Penicillium 
Penicillium is one of the most common genus belonging to Trichocomaceae and 
comprises 483 species (Sanzani et  al. 2016; de Botelho et  al. 2022). Penicillium 
occurs in a wide range of habitats, such as soil, vegetation, air, indoor environments, 
and various foodstuffs. They are decomposers of organic matter and destructive rot- 
causing agents in the food industry, producing a wide range of secondary metabo-
lites (Sanzani et  al. 2016). Also, some species are important in food industry to 
produce cheeses and fermented sausages and in medicine due to production of peni-
cillin that is a secondary metabolite with biological activity (de Botelho et al. 2022). 

However, Penicillium spp. are the major cause of deterioration and decomposi-
tion of many plant products after harvest, mainly fruits (El-Samawaty et al. 2021). 
Additionally, some species could produce toxic secondary metabolite as ochratoxin 
A (OTA) that widely contaminates food and feed (Ferrara et al. 2022). OTA could 
be synthesized by Aspergillus, Penicillium, A. ochraceus, P. nordicum e P. verruco-
sum and are founded in cereals, herbs, oilseeds, figs, beef jerky, fruits, and wine. 
The main toxic effects and diseases caused by this mycotoxin is kidney and liver 
damage, loss of appetite, nausea and vomiting, immune system suppression, and 
carcinogenic (El-Sayed et al. 2022). 

Another species that could affect food is Penicillium expansum that causes blue 
mold rot and this problem is an international concern and is worldwide distributed. 
Furthermore, this is one of the most important post-harvest diseases of some fruits, 
such as apples. Various strains of P. expansum are able to produce patulin, a myco-
toxin (Bahri et al. 2019; Luciano-Rosario et al. 2020). 

5.2.2.4  Fusarium 
Fusarium is a genus of molds that could be founded in different places as in soil, 
water, plants, and in the air. Fusarium species can adapt to a varied range of habitats 
but are mainly distributed in the tropical and subtropical regions (de Botelho et al. 
2022; Perincherry et al. 2019). Some species of these genus are adaptable and resis-
tant to antifungal compounds and many species are causing diseases in plants, such 
as wilt and canker (Perincherry et al. 2019). However, one of the main concerns 
regarding this group of fungi is the production of mycotoxins that could contami-
nate food products. Some known species that produce mycotoxins are F. gra-
minearum, F. oxysporum, F. sporotrichioides, F. verticillioides, and F. proliferatum 
(El-Sayed et al. 2022; Perincherry et al. 2019). 

The action of this fungus is characterized by the colonization of the host as bio-
trophic fungi, and then production of toxins and enzymes. Fusarium species pro-
duce mycotoxins and are most important in cereals (wheat, oats, barley, maize) and 
tropical fruit crops (banana and pineapple, lentils, tomato, and peas). Examples of 
species that produce mycotoxin are Fusarium verticillioides and F. culmorum. 
These species produce fumonisins that cause human encephalomalacia, pulmonary 
edema, carcinogenicity, neurotoxicity, liver damage, heart failure, and esophageal 
cancer (El-Sayed et al. 2022; Perincherry et al. 2019). F. oxysporum produces trico-
thecenes as T2 toxin and deoxynivalenol (DON) and these mycotoxins are found in 
cereals, feed, silage, legumes, fruits, and vegetables. These mycotoxins could cause 
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immune suppression, cytotoxicity, skin necrosis, hemorrhage, anemia, granulocyto-
penia, oral epithelial lesions, hypotension, and coagulopathy (El-Sayed et al. 2022). 

5.2.2.5  Yeasts 
Yeasts are eukaryotic fungi, majority unicellular and reproduce by budding (Zhang 
et al. 2020). Among yeast species, the genera Saccharomyces, Candida, Torulopsis, 
and Hansenula have been the main ones associated with fruit and juice fermenta-
tion. Some other yeast species that can cause loss of product quality include 
Rhodotorula mucilaginosa, Rhodotorula glutinis, Zygosaccharomyces bailii, 
Zygosaccharomyces bisporus, and Zygosaccharomyces rouxii (Kaczmarek 
et al. 2019). 

One of the major yeast genera is Candida that includes about 200 species. This 
genus could be found in distinct environments as in the human microbiota, in ani-
mals, in the skin, and mucous membranes. This group is considered opportunistic 
pathogenic fungi, and some species cause human infections (de Botelho et al. 2022). 

As yeasts are ubiquitous, microorganisms could occur in raw materials that are 
utilized for food manufacture. Usually these microorganisms are associated to inap-
propriate practice in food production that facilitated the cross contamination. 
Spoilage caused by yeasts can generally be related to the action of enzymes (cellu-
lases, lipases, and proteases), gas production, discoloration, and off-flavors in food. 
The most common species in spoilage fruit are Hanseniaspora, Pichia, and 
Wickerhamomyces (Osimani et al. 2022). 

5.3  Plant Essential Oils 

5.3.1  Definition 

Essential oils (EOs) are natural products of several volatile molecules (El Asbahani 
et al. 2015; Huang et al. 2021). These compounds are widely known for their taste, 
aroma, and antimicrobial activity (Salvi et al. 2022). EOs are commonly distributed 
in Myrtaceae, Lamiaceae, Rutaceae, Umbelliferae, Lauraceae, Zingiberaceae, 
Asteraceae, and other plants (Ni et al. 2021). EOs are extracted from different plant 
parts, such as a leaf, flower, root, stems, and others non-woody organs (Arasu et al. 
2019; Ni et al. 2021). Obtaining methods can be by distillation, mechanical pres-
sure, or solvent extraction (Hou et al. 2022). The method can influence the yield, 
quality, and final product composition (Skendi et al. 2022). 

5.3.2  Characteristics 

Essential oils are formed by different substances, such as aldehydes, terpenes, phe-
nolics, esters, alcohols, and ketones (Arasu et al. 2019). Its volatile nature, attrib-
uted to secondary metabolites, has antioxidant and antimicrobial potential (Salvi 
et al. 2022), representing approximately 90% of the composition. Other non-volatile 
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components (acids, sterols, waxes), present in smaller amounts, can also signifi-
cantly influence its bioactivity (Luque de Castro et al. 1999). 

According to Ni et al. (2021), phenolic compounds are the most important for the 
antibacterial activity of EOs. Terpenes, phenols, esters, aromatic compounds, alde-
hydes, or terpenoids cause inhibition of microorganisms’ growth in food and pre-
venting spoilage of food. 

Among the volatile substances found, monoterpenoids and sesquiterpenoids are 
the main constituents of EOs (Fotsing Yannick Stephane and Kezetas Jean Jules 
2020). Terpenes and other compounds give EOs antimicrobial, antioxidant, and 
antifungal properties (Arasu et al. 2019). Terpenoids can affect the fatty acids of the 
cell membrane of microorganisms, thus altering their permeability and, conse-
quently, causing leakage of intracellular substances (Ju et al. 2019). Phenolic com-
pounds, conversely, have important antibacterial activities, such as disruption of the 
cytoplasmic membrane, changes in the flow of electrons, and coagulation of cell 
contents (Dhifi et al. 2016). It is important to highlight that the compound action in 
the essential oil will also depend on the type of target microorganisms, due to their 
composition and membrane thickness (Ju et al. 2019). 

Additionally, other functional groups present in EOs have become important as 
hydrocarbons (α-pinene and sabinene), oxides (linalool oxide, and cineol), lactones 
(citroptene), esters (eugenol acetate), alcohols (linalool and geraniol), phenols (thy-
mol and eugenol), ketones (camphor, and carvone), and aldehydes (citral, citronel-
lal, and cinnamaldehyde) (Ni et al. 2021). 

Recent studies have shown antimicrobial, insecticide, or repellent action on pests 
using EOs (Barros et al. 2022; Seshadri et al. 2020a; Wang et al. 2022; Xu et al. 
2022). These positive results indicate that EOs can be used as natural preservative 
agents in the food industry. In addition, their use can attract consumers to be aware 
of food safety and reduce chemical agents in the food chain (Miao et al. 2020; Li 
et al. 2022). 

5.3.3  Main Plants’ Essential Oils Applied in Food Processing 

There Are Many EOs that Are Tested in Food in Studies. Among them Are Lavender 
EO, Thyme EO, Peppermint EO, Cajuput EO, Cinnamon EO, Clove EO, Eucalyptus 
EO, and Sage EO (Wińska et al. 2019). Next, some Studies with the Application of 
these Different EOs Will Be Presented 

Studies have shown that cinnamon essential oil is used alone, combined with 
other EOs, or with other preservation methods/agents for conservation and sanitiza-
tion purposes. For example, Seshadri et al. (2020a) observed antimicrobial action 
against bacteria and fungi in vitro and in vivo analyses (in guavas) combining EOs 
extracted from the bark of C. lourerii and the plant Evolvulus alsinoides. In another 
study, using EO from C. zeylanicum and Cymbopogon citratus efficiently reduced 
fungal growth and total inhibition of the pathogens C. musae, F. incarnatum, and 
F. verticillioides (Kamsu et  al. 2019). Xu et  al. (2022) also observed significant 
antimicrobial effects when combining cinnamon EO with intermittent mild heating, 
resulting in a reduction of 4 log CFU/g in alfalfa seeds.
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The use of EOs can also be used to delay post-harvest deterioration. For exam-
ple, in in vivo tests, peppermint essential oil inhibited 100% of the development of 
Colletotrichum gloeosporioides, which is responsible for anthracnose in papayas 
(Ayón Reyna et al. 2022). Likewise, tomatoes use xanthan gum coating, whey pro-
tein, and clove EO that prolonged shelf life and maintenance of quality attributes, 
such as firmness, after 15 days of storage at 20 °C (Kumar and Saini 2021). 

Research using clove, oregano, and thyme EO is also found in the literature. For 
example, Cui et al. (2020) observed a change in the morphology of biofilms when 
using clove EO, resulting in a 61.48% reduction in the metabolic activity of E.coli. 
This change may be associated with cell collapse and exudation of intracellular 
content caused by components present in clove EO. In another study, clove essential 
oil reduced 32.7% of B. gladioli cells, and this effect was potentiated by combining 
essential oil nanoemulsions in chitosan coating, achieving a 52% of reduction. The 
reduction was associated with the lipid structures of cell membranes disruption and 
mitochondrial membranes. Furthermore, this study observed better conservation of 
fresh Tremella fuciformis treated with clove oil and chitosan (Wang et al. 2022). 

In vitro studies, the microencapsulated oregano essential oil could inhibit 100% 
of microorganisms on avocados. In vivo, a reduction in anthracnose lesions in the 
fruits was observed, and critical sensorial characteristics, such as color and firm-
ness, were maintained. Another important finding in this research was the increase 
in the content of flavonoids and phenolic compounds in treated avocados (Colín- 
Chávez et al. 2022). Similar results in maintaining quality and delaying postharvest 
effects were also observed by Lee et  al. (2022) when studying the EO effect of 
oregano on chitosan and cellulose coating in strawberries. 

Sazvar et al. (2022) evaluated the effect of the essential oils (anise, chamomile, 
marjoram, black caraway, and thyme) on inhibiting the growth of Alternaria. These 
authors tested five concentrations (0, 200, 400, 600, and 800 μL/L) and observed 
that in vitro results revealed that by increasing the concentration of essential oils, 
their antifungal activity improved. However, the greatest inhibitory effect was asso-
ciated to the use of thyme essential oil. When evaluating the application of the oil 
in vivo (fruit), the better result is related to lowest percentage of fruit weight loss, 
and this was observed with thyme oil at 600 μL/L and a 0.02% concentration. 

Thyme essential oil can also be used as a repellent against pests that affect cere-
als during storage without changing sensory and quality parameters and can be used 
to replace chemical agents and reduce the environmental impact (Barros et  al. 
2022). Other essential oils used in food are presented in Table 5.2. 

5.4  Application of Essential Oils against Fruit 
Spoilage Fungi 

In the above section, we discussed about the application of different types of EOs. 
Essential oils have been used in the industry as a flavoring. Thus, in recent years, 
new research has shown that it can also be used for reducing microorganisms in 
food (Angane et al. 2022; Osimani et al. 2022). 
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Table 5.2 Examples of studies using essential oils in fruits 

Matrix used Type of essential oil Application Reference 

Dragon fruit Cinnamon oil and lemon grass oil and 
eucalyptus oil and clove oil, and 
rosemary oil 

In vivo assay Castro et al. 
(2017) 

Tomato Adansonia digitata Sanitizer Kayode et al. 
(2018) 

Mangosteen Peppermint oil and lime oil Closed system Owolabi et al. 
(2021) 

Piper nigrum 
L. fruits 

Boswellia carterii Sanitizer Prakash et al. 
(2014) 

Avocado Lippia scaberrima/spearmint oil Commercial 
coatings 

Regnier et al. 
(2010) 

Papaya Mint oil Chitosan 
coating 

Ayón Reyna 
et al. (2022) 

Strawberry and 
cherry 

Zanthoxylum bungeanum Active package 
film 

Zhang et al. 
(2022)

When it comes to vegetable food, there is a big concern about pathogen food-
borne diseases since they are used to produce ready-to-eat food (Nikkhah et  al. 
2017; Nikkhah and Hashemi 2020; Shen et al. 2023). So, these oils can be applied 
to food in different ways; for example, sanitizers that can be sprayed on the food 
surface or essential oils can be used in edible coatings and films (Atif et al. 2020b; 
Shen et al. 2023). EOS have already been used in different vegetable foods, such as 
raw vegetables and fruits or cereal-based foods and juices (Osimani et al. 2022). 

According to Ni et al. (2021), these applications could be restricted due to the 
characteristics of EO such as high volatility, hydrophobicity, and ease of oxidation. 
However, there is a potential use when micro and nanotechnology were applied. 

In this section, we will be present the application of EOs in food preservation and 
agricultural products. 

5.4.1  Food Packaging: Edible Coatings and Films 

Consumers demand healthy, fresh food that is as close to natural as possible, espe-
cially without the use of synthetic food additives. Food additives are purposely 
added to obtain technology and sensorial functions. Some of them could control 
microbial growth, chemical reactions, and promote an increase of shelf life of food 
products (Mesías et al. 2021). However, at same time, synthetic food additives could 
be a risk to human health and environment (Ni et al. 2021). 

Currently, active food packaging could be a good option that unites an innovative 
method and possible ecological solution. This packaging is commonly applied with 
biodegradable materials and natural compounds. So, EOs could be used in films and 
coatings (Ni et al. 2021). 

When it comes to edible coatings and films, there are differences between them, 
and it will influence industries’ choices when applying them to food. Protein, starch, 

5 Essential Oils against Fruit Spoilage Fungi

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/hydrophobicity
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/alpha-oxidation


116

and polysaccharide are the most used ingredients in edible coatings. However, it is 
crucial that in the final product, the coat must have a particular texture to cover the 
fruits. In this case, the coats are thick liquids into which the fruit is dipped (Shen 
et al. 2023; Tripathi et al. 2021). 

Edible films, on the other hand, are prepared as thin sheets. Therefore, a draw-
back is that it can be broken and let some portion of the food exposed, not confer-
ring the protective goal (Pandey et al. 2022). 

Edible coatings are often used in food. Usually, chitosan is one of the most popu-
lar ingredients in this material, mainly because it has antibacterial and antifungal 
properties. However, in recent studies, essential oils have been shown that it can 
improve the chitosan’s effect on food (Anjum et al. 2020; Pandey et al. 2022; Shen 
et al. 2023). 

Nanoemulsions are used for adding essential oils to edible coatings. The reason 
is that this process guarantees a stable emulsion that will not suffer during the stor-
age period and break its connection (Anjum et al. 2020). 

In a study with carboxymethyl cellulose and cardamom oil in a nanoemulsion 
edible coating in tomatoes, the edible coat was efficient to prolongate shelf life due 
to oxidative damage and bacterial growth (Das et al. 2022). 

Long et  al. (2022) analyzed chitosan/fennel seed essential oil/starch sodium 
octenyl succinate composite films in different formulations applied to apples. They 
found that the film in special one of the formulations had a powerful fungicidal 
effect against B. cinerea, T. roseum, and P. expansum. However, all six formulations 
used in the study showed antifungal activity in vitro. 

Guo et al. (2022) produced a film material to preserve apricots by inhibiting the 
growth of Alternaria alternata. EO Oregano essential oil (OEO) (2%, 4%, 6% 
(w/v)) was added to chitosan-based films in the form of nanoemulsions. The 4% 
OEO nanoemulsion with 20 min of ultrasound treatment demonstrated the best anti-
fungal action. The chitosan film combined with 1% (v/v) of 4% (w/v) OEO nano-
emulsion significantly increased the antifungal properties. These authors observed 
also that CS-1%OEO films control the disease resistance of apricots from the black 
spot caused by Alternaria alternata. 

According to Ni et al. (2021), EO affects the microstructure of the final packag-
ing material and could contribute to increase the tensile, barrier, and optical proper-
ties. Furthermore, it is important to consider that composition of food could 
influence the migration rate of compounds. 

5.4.2  Sanitizers 

Sanitization is an important step for the microbiological control of fruits. The most 
common way to sanitize fruits and vegetables is by immersion in chlorinated com-
pounds (de São José et al. 2018; de Moraes Motta Machado et al. 2022; Moncioso 
et al. 2021; Pelissari et al. 2021). However, since these chemicals are used mainly in 
food industries due to their efficiency and low costs, other additional treatments 
come to improve further functionality (Atif et  al. 2020b; Kanetis et  al. 2007). 
Furthermore, the chlorinated compounds are intended to be substituted due to 
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potential harmful consequences on the environment and health (Moncioso et  al. 
2021; Pelissari et al. 2021). 

Recently, many studies have shown, according to their methodology, possible 
use of essential oils as sanitizers, tested directly on the fruit or vegetable surface, or 
even as a possible compound to be used in a blend of other antimicrobial compo-
nents (Antonioli et al. 2020; Atif et al. 2020b; Nikkhah et al. 2017; Nikkhah and 
Hashemi 2020; Seshadri et al. 2020b; Chen et al. 2022). 

Studies proposing the use of essential oil to control fungi are scarce. However, 
we present this study to indicate that there is a trend toward the application of EOs 
as sanitizers. Soraggi Battagin et al. (2021) evaluated the clove essential oil as an 
alternative sanitizer for the disinfection of citrus fruit in packinghouses to control 
Xanthomonas citri subsp. citri. Clove EO was able to inhibit X. citri when used at 
0.75% (v/v). In simulate packinghouse conditions, the sanitization process with 5% 
of the EO promoted an effect similar to sodium hypochlorite. 

Atif et al. (2020a, b) have studied two essential oils from medicinal plants and 
protective properties in jack fruits. They sprayed the essential oils onto the jackfruit 
peel and the damage designed to the jackfruit peel. Basilicum oil has shown promis-
ing activity against Rhizopus microsporus MTCC383; mycelial growth was affected 
by Basilicum and V. zizanioides indicating that essential oils affected the develop-
mental stages of fungi. 

In a study with essential oils of Cinnamomum loureirii and Evolvulus alsinoides, 
researchers found that after applying essential oil emulsions to the guava peeled 
skin, after eight days, the oils were capable of inhibiting food spoilage fungus 
growth. (Seshadri et al. 2020b). 

Moncioso et al. (2021) evaluated citric acid and clove essential oil as alternatives 
to chlorine compounds on sanitization of apples. The authors observed that the 
treatment with clove essential oil reduced the amount of the fungi group to 1.64 
log CFU/g. 

5.4.3  Agricultural Application 

EOs have potential to control pests and diseases of crops as substitute of synthetic 
pesticides, and they could be safer to the humans and the environment (Torre 
et al. 2021). 

Hashem et al. (2019) aimed to apply Thieves oil blend (six oils in one mixture) 
to protect peach fruit from spoilage during cold storage. The authors evaluated the 
effects on Alternaria alternata, Fusarium oxysporum, Geotrichum candidum, and 
Monilinia laxa. Thieves oil blend (2.0 mL/ L) inhibited fungal growth in vitro and 
reduced the disease rate to 12.0% and the disease severity index to 1.2 after 7 days 
at 27 °C in peach fruit. 

Arasu et al. (2019) evaluated essential oil of four medicinal plants and protective 
properties in plum fruits against the spoilage bacteria and fungi. The minimum 
inhibitory concentration of the essential oils against fungi ranged from 1.1 ± 0.4 to 
292 ± 3.2 μg/mL. Allium sativum presented the highest antifungal activity against 
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Penicillium notatum and inhibited the growth of Aspergillus niger, Aspergillus fla-
vus, and Rhizopus microsporus. Authors concluded that Allium sativum EO could 
inhibit deterioration of plum fruit. 

Torre et al. (2021) evaluated that basil aromatic oil was against three common 
storage fungi (Fusarium oxysporum, Penicillium spp., and Colletotrichum gloeo-
sporioides), and also the effect of basil aromatic oil on the germination of commer-
cial seeds (lettuce and tomatoes). The basil essential oil presented toxicity against 
the fungi F. oxysporum, Penicillium spp., and C. gloeosporioides. The authors 
observed also that tomato and lettuce seeds’ germination were not significantly 
affected by the essential oils. 

Xu et al. (2021) investigated the effectiveness of tea tree oil, thyme oil, rosemary 
oil, and lemon oil for controlling rot in post-harvest peaches (Monilinia fructicola). 
Tea tree oil had the antifungal action against in vitro and in inoculated peach fruit. 
According to these authors, tea tree oil impacts on the composition of cell mem-
brane, causing alterations in mycelial morphology, membrane permeability, and 
concentrations of intracellular reactive oxygen species. Finally, the authors indi-
cated this oil as a possible alternative for conventional fungicides applied to control 
rot in peach. 

5.5  Limitations of the Use of EO 

The structure and composition of a food can make it difficult and restrict the activity 
of essential oils since some foods require higher concentrations due to their matrix. 
In addition, many studies evaluate the use of essential oils in vitro. However, higher 
levels of essential oils are fundamental for the same effect to be performed on food 
(Speranza and Corbo 2010),  which can have consequences for sensory aspects. 
Furthermore, the essential oil obtained depends on some aspects such as climate and 
maturation stage, which can interfere with the quality of the product to alter its 
constitution and, therefore, the activity of this compound. 

5.6  Final Considerations and Future Perspectives 

Essential oils presented potential in application against fruit spoilage fungi. The 
advances in studies in this area contribute to the issue of food safety from various 
aspects. The advantages include environmental and consumer health issues since 
they are compounds of natural origin. In addition, the antimicrobial potential of 
these oils contributes to reducing waste and fighting fruit spoilage, which has eco-
nomic benefits. However, there are some challenges. For example, the use of essen-
tial oils on an industrial scale is hampered due to the low solubility and stability of 
these substances. More studies are required to unravel, elucidate, and improve the 
knowledge about essential oils and their mechanisms. Some applications, such as 
nanoemulsions, deserve more attention to expand their use in edible food coatings. 
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Furthermore, combining essential oils with other preservation techniques, for exam-
ple, should be evaluated and used on an industrial scale. 
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6 Essential Oils: A Natural Weapon against 
Mycotoxins in Food 

Anjana Tiwari, Parshant, and Ravindra Shukla 

Abstract 

Essential oils are aromatic liquids that are isolated from plant parts and thus are 
extremely volatile and scented. These volatile oils are responsible for the differ-
ent scents that plants emit. The major mycotoxin groups, including a�atoxin, 
fumonisin, ochratoxin (OT), zearalenone (ZEN), and deoxynivalenol (DON) can 
induce many harmful health effects, including allergies, cancer, and immunosup-
pression, owing to the intake of infected food. Currently, it is known that the 
majority of synthetic chemicals used as preservatives pose a danger to individu-
als and harm the environment. In this regard, utilizing diverse plant products, 
particularly essential oils (EOs) and their bioactive constituents, has been con-
sidered a green strategy and a safer alternative to synthetic chemicals due to their 
long-standing traditional use. Essential oils have several modes of action that 
prevent the growth of fungus and the production of mycotoxin, including changed 
fungal growth rates, disruption of cell permeability, disruption of the electron 
transport chain, alteration of gene expression patterns, and metabolic activities. 
This chapter aims to summarize the different recent studies on the effect of 
essential oils in inhibiting the growth of mycotoxigenic fungus, eliminating 
mycotoxins, and their mode of action. 
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6.1  Introduction 

Foodborne diseases caused by consuming contaminated food are a major public 
health concern around the world. According to the World Health Organization 
(WHO), 31 foodborne hazards globally contributed to 600 million foodborne ill-
nesses and 420,000 deaths (Havelaar et al. 2015; WHO 2022). Foodborne illnesses 
are caused by a variety of pathogens, including fungi, viruses, and bacteria. These 
pathogens can contaminate food at any point during its production, processing, or 
distribution (Hemalata and Virupakshaiah 2016). Toxins produced by certain fungi 
cause the most common fungal foodborne diseases. These toxins, known as myco-
toxins, can induce diarrhea, abdominal pain, nausea, vomiting, and fever, among 
other symptoms. In severe cases, mycotoxin poisoning can lead to liver damage, 
kidney failure, and even death (Dhakal and Sbar 2021). More than 400 different 
types of mycotoxins have been identified, but the most common mycotoxins that 
cause foodborne illness are aflatoxins, ochratoxin-A, fumonisin, zearalenone, patu-
lin, and trichothecenes (Ünüsan 2019). Consumption of mycotoxin-contaminated 
food or feed can cause acute (e.g., turkey X syndrome, human ergotism, stachybot-
ryotoxicosis) or chronic (e.g., cancer induction, kidney toxicity, immune suppres-
sion) toxicity in humans and livestock due to their inherent carcinogenic, mutagenic, 
teratogenic, and immuno-suppressive characteristics (Bennett and Klich 2003; 
Chaudhari et al. 2021). Mycotoxins are low-molecular-weight (MW ~ 700 Da) sec-
ondary metabolites secreted by many filamentous fungi belonging to the genera 
Aspergillus, Penicillium, and Fusarium that are highly toxic to animals and humans 
(Liew and Mohd-Redzwan 2018; Alshannaq and Yu 2017). They are grown under 
favorable conditions (temperature, moisture, water activity, and relative humidity) 
between 10 to 40 °C and with a pH range of 4 to 8 (Bhat et al. 2010). Depending on 
the fungal species, mycotoxins can appear in both temperate and tropical climates. 
These mycotoxins are commonly found in dried fruits, nuts, coffee, oil seeds, cere-
als, cocoa, spices, beans, dried peas, and fruits, especially apples. Mycotoxins may 
also be identified in beer and wine due to the use of contaminated raw materials 
during their production, such as barley, cereals, grapes, etc. (Turner et al. 2009). 

To ensure the consumption of toxin-free food with good nutritional values for 
human health, it is essential to maintain food quality. So, the best approach to main-
tain the quality of food and stop it from microbial deterioration is to use preserva-
tion techniques. Nowadays, there are many different types of preservation techniques 
available that can be used to preserve food commodities for a very long time, either 
by using traditional or modern preservation techniques (Sharif et  al. 2017). 
Additional food preservatives, which can be divided into artificial (synthetic) and 
natural preservatives, are used in some of these preservation methods. Several syn-
thetic preservatives such as sulfur dioxide, sulfites, sodium nitrite, sodium benzoate, 
benzoates, sorbates, formaldehyde, imidazoles, pyrrolidines, and thiocyanates, etc. 
have been employed to control microbial contamination of food items (Maurya 
et al. 2021a, b). A few of them are poisonous, and many others could have fatal 
adverse effects. Artificial preservatives can lead to major health problems like can-
cer, hyperactivity, hypersensitivity, allergy, asthma, and other respiratory and 
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respiratory- related illnesses (Kumari et al. 2019). Customers are generally aware of 
the health risk posed by the use of artificial preservatives. As a result, the demand 
for natural food preservatives has significantly increased. In this regard, the use of 
various plant products, particularly essential oils (EOs) and their bioactive com-
pounds, has been recognized as a green strategy and a safer alternative to synthetic 
antifungal and mycotoxin treatments (Shukla et al. 2012; Chaudhari et al. 2019). 

The word “Quinta essentia” was first used to describe the active component of a 
drug by Paracelsus von Hohenheim in the sixteenth century. The word “essential” is 
derived from the Latin essentia (Guenther and Althausen 1948). Essential oils are 
secondary metabolites produced by many aromatic plant parts, including flowers, 
buds, leaves, stems, twigs, seeds, fruits, roots, bark, or wood. They are stored in 
secretory cells, cavities, canals, epidermal cells, or glandular trichomes. They are 
natural molecules with a complex mixture of chemical structures that are liquid, 
volatile, rarely colored, soluble in lipids and organic solvents, and have a density 
often less than that of water (Bakkali et al. 2008; Bouyahya et al. 2019). Essential 
oils are produced by two natural biochemical processes that involve several enzy-
matic reactions. The precursors of essential oil biosynthesis, isopentenyl diphos-
phate (IPP), and its isomer, dimethylallyl diphosphate (DMAPP), are produced in 
the cytoplasm and plastids via the mevalonic acid (MVA) and methyl-D-erythritol- 4-
phosphate (MEP) pathways (Rehman et al. 2016). Terpenes (pinene, myrcene, lim-
onene, terpinene, and p-cymene), the prominent ingredient of essential oils are 
hydrocarbons made up of several isoprene (C5H8) units, while terpenoids (oxygen- 
containing hydrocarbons) are modifications of terpenes with different functional 
groups and moved or removed oxidized methyl groups at various positions (Masyita 
et al. 2022). In general, terpenoids possess greater antimicrobial activity than ter-
penes (Burt 2004). EOs have been widely used successfully in indigenous systems 
and are thought to have antimicrobial properties. Since the Middle Ages, essential 
oils have been used for a variety of purposes, including bactericidal, virucidal, fun-
gicidal, antiparasitic, insecticidal, medicinal, and cosmetic ones (Prakash et  al. 
2015). Due to their natural origin, EOs and their components are regarded as user- 
friendly, friendly to the environment, and often exempt from the Environmental 
Protection Agency’s standards for toxicity data (Prakash et al. 2010). Cinnamon, 
fennel, rosemary, oregano, thyme, palmarosa, clove, and eucalyptus have been 
revealed to be the most efficacious essential oils against mycotoxigenic fungi and 
their mycotoxins in research published over the past 10 years. Essential oils can 
prevent the growth of fungi and the production of mycotoxin through a variety of 
mechanisms, including altered fungal growth rate, extended lag phase, disruption of 
cell permeability, disruption of the electron transport chain, altering gene expres-
sion patterns, and metabolic processes (Mirza Alizadeh et  al. 2022). A fungus’s 
ability to produce toxins depends not only on its ability to grow but also on the 
fungistatic and fungicidal substances that may have an impact on its invasion and 
colonization. Extensive research publications, reviews, and reports have been writ-
ten about the fungal species that contaminate food and feed; nevertheless, a large 
portion of the data is either limited to one type of mycotoxin or the data is frag-
mented. In light of this, we attempted to provide a thorough overview of essential 
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oils against the mycotoxigenic fungus, the diversity of mycotoxins, associated 
health concerns for humans and livestock, etc. in the present book chapter. 

6.2  Food Spoiling Mycotoxins and their Types 

Mycotoxins are secondary, stable, and physiologically active metabolites that fre-
quently contaminate agricultural goods. Along with significant financial losses, they 
also represent a long-term, hidden risk to the health of both humans and animals. 
Currently, more than 400 mycotoxins have been identified and described as toxic, 
non-volatile, and relatively low-molecular-weight secondary metabolites produced 
by certain filamentous fungi, such as species of Aspergillus, Alternaria, Fusarium, 
and Penicillium (Gurikar et al. 2022; Venkatesh et al. 2017). Many species of myco-
toxins are commonly found in cereals, herbal materials, fruits, and spices (Chaudhari 
et  al. 2021). According to Food and Agriculture Organization (FAO) statistics, 
approximately one-fourth (25%) of all agricultural products are harmed by 
mycotoxin- producing fungi worldwide. The most prevalent mycotoxin, aflatoxin, 
has significant toxicity and carcinogenic potential and is present in a wide range of 
foods and feeds. Besides aflatoxins, other major toxins are trichothecenes, fumoni-
sins, ochratoxin, and zearalenone, which are present in grains used as food and 
other agricultural products. Mycotoxins found in contaminated food products and 
animal feeds can have many harmful effects on human and animal health, including 
cancer, immunosuppression, gastrointestinal, estrogenic, and kidney diseases (Tola 
and Kebede 2016; Neme and Mohammed 2017; Gurikar et al. 2022) (Table 6.1).   

6.3  Aflatoxins 

Aflatoxins are highly toxic secondary metabolites produced by Aspergillus flavus, 
A. parasiticus, and A. nominus (Rocha et al. 2023). These fungi grow on a wide 
variety of foods such as wheat, walnuts, and other dry fruits, legume seeds, corn, 
cotton, peanuts, and tree nuts that cause serious threats to human and animal health 
through various complications such as hepatotoxicity, teratogenicity, and immuno-
toxicity (Shukla et al. 2008; Kumar et al. 2017). The four major aflatoxins, B1, B2, 
G1, and G2, were isolated based on their fluorescence under UV light and identified 
by thin-layer chromatography (Baranyi 2013). AFTs-M1 and AFTs-M2 are pro-
duced by several metabolic processes from animals and animal products. The chem-
ical structure of aflatoxins are shown in Fig.  6.1. The International Agency for 
Research on Cancer (IARC) classifies AFB1 as a Group 1 carcinogen, with high 
risks of hepatocellular carcinoma (HCC) in individuals exposed to aflatoxins, 
whereas AFM1 is classified as a “possible carcinogen” in Group 2B (Alshannaq and 
Yu 2017). The toxigenic capacities of pathogenic branches within an aflatoxigenic 
species differ considerably on a mycological and quantitative scale. Cytochrome 
P450 enzymes convert aflatoxin into reactive 8, 9-epoxide forms that can bind to 
DNA and proteins. It is generally understood that reactive aflatoxin epoxide 
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Table 6.1 Mycotoxin production in the food system and its adverse effects 

Sr. 
no. Mycotoxins 

Common fungal 
sp. 

Model foods 
(common 
name) Health effects Reference

1. Aflatoxins: 
AFB1, AFB2, 
AFG1, AFG2 

Aspergillus 
flavus, A. 
parasiticus, and 
A. nomius 

Wheat, 
walnut, 
corn, cotton, 
peanuts, etc. 

Teratogenicity, 
hepatotoxicity, 
immunotoxicity, 
etc. 

Kumar 
et al. 
(2017) 

2. Fumonisins: FB1, 
FB2, FB3 

Fusarium 
moniliforme, F. 
proliferatum, and 
F. verticillioides 

Peanut, 
maize, 
grape, 
wheat, rye, 
barley, 
maize, oats, 
millet, etc. 

Hepatocarci-
noma, 
nephrotoxicity, 
adenocarcinoma, 
etc. 

Kamle 
et al. 
(2019); 
Soriano 
et al. 
(2005) 

3. Ochratoxins (OTA, 
OTB, OTC) 

Aspergillus sp., 
Penicillium sp. 

Dry beans, 
maize, 
wheat, 
barley, oats, 
green coffee 
beans, etc. 

Embryotoxic, 
teratogenic, 
immunotoxic, 
and 
nephrotoxicity 

Reddy and 
Bhoola 
(2010) 

4. Zearalenone (ZEA) Fusarium 
graminearum, F. 
equiseti, F. 
cerealis, F. 
culmorum 

Rice, wheat, 
soybeans, 
corn, barley, 
millet, etc. 

Genotoxic, 
teratogenic, 
immunotoxic, 
carcinogenic, 
hemotoxic, and 
hepatotoxic 
properties 

Rogowska 
et al. 
(2019) 

5. Patulin Penicillium, sp., 
aspergillus sp., 
and Byssochlamys 
sp. 

Apple, 
apricot, 
black 
mulberry, 
corn, figs, 
pear, peach, 
pineapple, 
etc. 

Immunotoxicity, 
gastrointestinal, 
hepatotoxicity, 
and neurological 
problems 

Mahato 
et al. 
(2021) 

6. Ergot alkaloids: 
Ergometrine, 
ergocornine, 
ergosine, 
ergotamine, 
ergocryptine, 
ergocristine 

Claviceps 
purpurea, 
Balansia sp., 
Epichloe sp., 
Periglandula sp., 
and aspergillus 
fumigates 

Cereals like 
rye, wheat, 
millet 
triticale, 
oats, barley, 
etc. 

Neurotoxicity, 
hallucinations, 
abdominal pain, 
insomnia, 
burning 
sensations of the 
skin, endocrine 
disruption in 
animals, 
convulsions, 
abortion, 
suppression of 
lactation, etc. 

Arcella 
et al. 
(2017): 
Mulac and 
Humpf 
(2011)

(continued)
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Table 6.1 (continued)

Sr. 
no. Mycotoxins 

Common fungal 
sp. 

Model foods 
(common 
name) Health effects Reference

7. Citrinin Aspergillus 
carneus A. 
terreus, A. niveus, 
Penicillium 
citrinum, P. 
verrucosum, P. 
expansum, and 
Monascus ruber 

Cereals 
(maize, rye, 
rice, barley, 
wheat, corn, 
oats), 
oilseeds 
(e.g., 
sunflower), 
and spices 
(e.g., 
turmeric, 
black 
pepper, 
cumin, 
cardamom, 
fennel, and 
coriander) 

Nephrotoxicity 
and 
genotoxicity, 
teratogenic and 
embryotoxic 
effects 

Kamle 
et al. 
(2022) 

8. Alternario, 
alternariol 
monomethyl ether 
(AME), and 
tentoxin (TEN) 

Alternaria 
alternata, A. 
brassicae, A. 
arborescens, A. 
radicina, A. 
infectoria, A. 
tenuissima, and 
A. brassicicola 

Cereals, 
cauliflowers, 
tomatoes, 
apples, 
oilseeds, 
grapes, oil 
crops, 
lemons, 
sunflower 
seeds, 
oranges, 
cucumbers, 
melons, 
peppers, and 
tangerines 

Carcinogenicity, 
mutagenicity, 
sphingolipid 
metabolism 
disruption, 
induction of 
DNA strand 
breaks, and 
photopho-
sphorylation 

Escrivá 
et al. 
(2017) 

9. Trichothecenes: (T-2 
toxin, HT-2 toxin, 
Neosolaniol (NEO), 
Diacetoxyscirpenol 
(DAS), 
Monoacetoxy-
scirpenol (MAS), 
Verrucarol (VER) 
and Deoxynivalenol 
(DON)) 

Fusarium 
culmorum and F. 
graminearum, 
Stachybotrys 
atra, 
Myrothecium sp. 
And 
Trichothecium sp. 

Cereals 
(wheat, 
corn, oats, 
and barley) 
seeds of rye, 
safflower, 
and in feed 
mixtures. 

Inhibit the 
activity of the 
peptidyl 
transferase 
enzyme, as well 
as the initiation, 
elongation, and 
termination of 
eukaryotic 
protein synthesis 

Polak- 
Śliwińska 
and 
Paszczyk 
(2021); da 
Rocha 
et al. 
(2014) 

10. Nivalenol/ 
deoxynivalenol 

Fusarium 
Graminearum, 
and F. culmorum 

Grains in the 
field, 
including 
corn, wheat, 
oats, barley, 
rice, and 
others 

Immunotoxicity, 
hemotoxicity, 
edema, diarrhea, 
headaches, and 
other symptoms. 

Sobrova 
et al. 
(2010); 
Kumar 
et al. 
(2022)
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Fig. 6.1 Chemical structures of aflatoxins  

interacts with the N7 site of guanines. The cytosol and microsomes contain a reac-
tive glutathione S-transferase system that catalyzes the conjugation of activated 
aflatoxins with reduced glutathione, resulting in aflatoxin excretion (Bennett and 
Klich 2003).  

6.4  Fumonisins 

Fusarium mycotoxins are chemically and thermally stable secondary metabolites 
produced by Fusarium verticillioides (Fusarium moniliforme), Fusarium prolifera-
tum, and other related species. Fusarium species produce mycotoxins such as 
deoxynivalenol, nivalenol, zearalenone, T-2 toxin, trichothecenes, and fumonisins 
(Ji et al. 2019; Rheeder et al. 2002). Fumonisins are found in corn, sorghum, millet, 
and other agricultural products. The Intergovernmental Agency for Research on 
Cancer (IARC) classified maize-derived toxins as category 2B (possibly carcino-
genic to humans) in 1993 due to the typically higher presence of fumonisins in 
maize. Fumonisin also shows hepatotoxic, nephrotoxic, atherogenic, immunosup-
pressive, and embryotoxic effects other than its carcinogenic effect (Nair 1998). 
Since 1988, 28 fumonisin analogs have been identified, and they have been classi-
fied into four main groups (A, B, C, and P). The most abundant naturally occurring 
fumonisins are the FB analogs, which include the toxicologically significant FB1, 
FB2, and FB3. When cultured on corn, rice, or in a liquid medium, FB1 (Fig. 6.2) 
predominates and is usually found at higher levels (70 to 80%) than FB2 (15 to 
25%) and FB3 (3 to 8%) (Rheeder et al. 2002). In 2014, fumonisin B1 (FB1), FB2, 
and FB3 were found in 98.1% of corn products collected in Shandong Province, 
China (Li et al. 2015).  
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Fig. 6.3 Ochratoxin A  

6.5  Ochratoxins 

Aspergillus and Penicillium species produce ochratoxin as a secondary metabolite. 
The optimum temperature for the growth of A. ochraceous is 24 to 37 °C (pH is 3 to 
10), and that of P. verrucosum is 20 °C (pH is 6.0 to 7.0) (Reddy and Bhoola 2010). 
These ochratoxins, ochratoxin A, ochratoxin B, and ochratoxin C, are all present in 
the environment. Ochratoxin A (Fig. 6.3) is a prominent toxin, and the International 
Agency for Research on Cancer categorized it as a category 2B likely human car-
cinogen in 1993 based on evidence that it could cause cancer in animals. Ochratoxin 
A is a naturally occurring mycotoxin produced by several fungi, including 
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 Penicillium verrucosum, Aspergillus carbonarius, A. ochraceus, and A. niger. It can 
be found in a wide range of agricultural commodities worldwide, such as cereal 
grains, dried fruits, wine, and coffee (Reddy and Bhoola 2010; Bui-Klimke and Wu 
2015; WHO,, and IARC 1993, and Kőszegi and Poór 2016). Ochretoxin A can 
cause a variety of health problems in animals and humans, including nephrotoxic, 
hepatotoxic, embryotoxic, teratogenic, neurotoxic, immunotoxic, genotoxic, and 
carcinogenic effects in many species (Malir et al. 2016). Spectroscopy techniques 
are widely used in the detection of toxic and harmful components in food products 
(Kumar et al. 2020).  

6.6  Zearalenone 

Zearalenone is a potent estrogenic mycotoxin produced by the Fusarium species, 
mainly F. graminearum, F. culmorum, F. cerealis, F. equiseti, F. crookwellense, 
F. semitectum, F. verticillioides, F. sporotrichioides, F. oxysporum, and F. acumina-
tum (Zhang et  al. 2018). This mycotoxin is commonly found in cereals such as 
barley, maize, oats, sorghum, and wheat (Bhat et al. 2010). Zearalenone (Fig. 6.4) is 
a thermostable (160 °C) weakly polar compound with a molar mass of 318.364 g/ 
mol that dissolves in various alkaline solutions such as benzene, acetonitrile, ace-
tone, or alcohols (Ropejko and Twarużek 2021). McNutt et al. described a typical 
hyperestrogenism syndrome in pigs in 1928, due to the consumption of spoiled 
corn. Hyperestrogenism manifests as improper breastfeeding, aberrant udder or 
mammary gland growth, extended estrus, anestrus, changes in libido, infertility, and 
a higher frequency of pseudopregnancy. In humans, it can bind to alpha and beta 
estrogen receptors and disrupt the functioning of the endocrine system (Kuiper- 
Goodman et al. 1987). Additionally, zearalenone is genotoxic, immunotoxic, toxic 
to the reproductive system, and toxic to the development of the immune system. The 
interference with blood coagulation also causes hemato-toxic effects (Zinedine 
et al. 2017). 
  

O 

O 

OOH 

HO 

Fig. 6.4 Zearalenone  
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6.7  Patulin 

Patulin (PAT) is a mycotoxin discovered in 1940 and produced as a secondary 
metabolite by numerous fungal species such as Penicillium, Aspergillus, and 
Byssochlamys. Chemically, PAT [4-Hydroxy-4H-furo(2,3-C)-pyron-2(6H)-1] is a 
polyketide lactone, which is a colorless, crystalline, water-soluble substance (Sajid 
et al. 2019; Pal et al. 2017). Patulin toxin was shown to be produced greater, respec-
tively, at pH levels of 2.5 and 4, and storage temperatures of 20 to 25 °C. In most 
cases, it is associated with food products that have fungal infections. Patulin is gen-
erally found on fruits like apples, pears, peaches, and grapes but is mainly produced 
by the genus Penicillium with the species Penicillium expansum, which is capable 
of contaminating pome fruits, especially in apples and apple-based products (Baert 
et al. 2007). PAT (Fig. 6.5) was classified as non-carcinogenic in Group 3 by the 
International Agency for Cancer Research (IARC). Initially tested as an antibiotic, 
patulin was subsequently shown to be dangerous to humans and to produce symp-
toms including nausea, vomiting, ulceration, and hemorrhage. Glutathione is con-
sidered the scavenger of PAT-induced toxicity (Alshannaq and Yu 2017).  

6.8  Ergot Alkaloid 

The genus Claviceps produces the mycotoxins known as ergot alkaloids, which are 
predominantly produced by one type of fungus and infect a variety of cereals. 
Alkaloids found in ergot, including ergotamine (Fig. 6.6), ergocrystinine, ergomet-
rimine, ergonovin, and ergocrystin, are toxic. One of the most significant species, 
Claviceps purpurea, mostly affects monocotyledonous plants. The crops infected 
by Ergot alkaloid (EAs) include rye, barley, wheat, millet, oats, and triticale, with 
rye having the highest rates of fungal infection (Krska et  al. 2008; Agriopoulou 
2021). Ergot alkaloids are consumed by humans through food. After consuming 
foods contaminated with EAs, it can cause ergotism, an illness causing strange hal-
lucinations, convulsions, agalactia, burning sensations, vasoconstriction, and gan-
grenous loss of limbs, which are some of the symptoms in humans (Gurikar et al. 
2022). Purified ergot alkaloids crystallized as translucent compounds that are solu-
ble in organic solvents and buffers as well as inorganic solvents like acetonitrile and 
methanol. The two types of ergotism are gangrenous and convulsive, respectively. 
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Convulsive ergotism affects the neurological system, whereas gangrenous ergotism 
affects the blood supply. Animals are not immune to ergotism, which is a serious 
threat to veterinarians and can affect a variety of species, including cattle, sheep, 
pigs, and poultry (Pleadin et al. 2019).  

6.9  Effect of Aromatic Bioactive Compounds (Essential Oils) 
on Mycotoxins 

Essential oils are naturally occurring volatile and aromatic compounds produced by 
aromatic herbs or shrubs for their requirements, such as defense or attracting polli-
nators, rather than nutrition. Aromatic plants, which are often found in temperate 
and tropical regions, generate essential oils, a mixture of different constituents. 
They typically possess a lower density compared to water and are liquid, transpar-
ent, sparingly colored, lipid-soluble, and soluble in organic solvents. Essential oils 
are synthesized by plant parts such as buds (Syzygium aromaticum), flowers (Thymus 
vulgaris), leaves (Eucalyptus globulus, Callistemon lanceolatus), stems (Cordia tri-
chotoma), seeds (Pimpinella anisum), fruits (Juniperus communis), root or rhizome 
(Acorus calamus, Zingiber officinale), wood or bark (Santalum austrocaledonicum) 
and accumulate in cells, secretory cavities, or glandular hairs of plants (Bakkali 
et al. 2008; Roh et al. 2011; Shukla et al. 2011; Shukla et al. 2013; Bilia et al. 2014). 
Essential oils may be extracted using various methods. One of the most popular 
methods is steam- or hydrodistillation, which allows for the separation of mildly 
volatile, water-immiscible substances at low temperatures (Chamorro et al. 2012). 
Essential oils are complex natural mixtures that consist of about 20–60  components 
at quite different concentrations; two or three major components are present at high 
concentrations (20–70%) compared to other components that are present in trace 
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amounts (Chouhan et al. 2017). The main components found in essential oils are 
typically responsible for their biological effects (Shukla et  al. 2009). They have 
been extensively used as bactericidal, virucidal, fungicidal, antiparasitic, insecti-
cidal, and therapeutic agents (Shaaban 2020). For example, 37 compounds are iden-
tified in the oregano essential oil (OEO), of which carvacrol (30.73%) and thymol 
(18.81%) are the two major constituents (Chen et al. 2022). In the past 10 years, 
numerous studies have been done on the antimycotic effects of essential oils. These 
studies have demonstrated the effect of EOs on the restriction or decrease of myco-
toxin synthesis. Bocate et al. (2021) investigated the efficacy of garlic essential oil 
(GEO) to hinder the production of Aspergillus parasiticus, Fusarium verticillioides, 
and Gibberella zeae, which are responsible for producing the aflatoxins AFB1, 
ZEA, and, FB1 in stored corn kernels. According to the findings, GEO can prevent 
the growth of mycotoxigenic fungus. A. parasiticus, G. zeae, and F. verticillioides 
all exhibiting minimum inhibitory concentrations (MICs) of 0.0086, 0.069, and 
0.0086 mg/mL, respectively. Penicillium verrucosum and P. griseofulvum were dis-
covered in lentils and dry grapes (Vitis vinifera L.) in northern Morocco. Chidi et al. 
(2020) investigated the antifungal activities of Melaleuca alternifolia essential oil 
(EO) against both of these isolates. The results showed that adding M. alternifolia 
EO at various dosages completely decreased the amount of terrestric acid and och-
ratoxin- A produced by P. griseofulvum and P. verrucosum. In an in  vitro study, 
Ferdes et al. (2017) investigated the effectiveness of five EOs (sage, rosemary, anise, 
quinoa, and savory) against Aspergillus niger, Aspergillus oryza, Fusarium oxyspo-
rum, and Mucor pusillus. Savoury oil treated with a concentration of 20 g/mL was 
efficient on A. oryza, A. niger, F. oxysporum, and M. pusillus. The essential oils of 
quinoa, sage, and rosemary have fungicidal properties against A. oryza, A. niger, 
and F. oxysporum at concentrations of 10 and 20 g/mL. Zhou et al. (2018) studied 
the effects of exogenous essential oil decanal on the growth and patulin production 
of P. expansum. According to the results, 0.12 g/L decanal was considered remark-
ably to restrict the growth of P. expansum in vitro, while 0.24 g/L decanal effec-
tively prevented blue mold rot on apple and pear fruit. According to Ferreira et al. 
(2013), curcumin and the essential oil of Curcuma longa have antiaflatoxigenic 
properties at concentrations ranging from 0.01 to 5.0%. More than 96% of AFB1 
and AFB2 production was suppressed by 0.5% of the essential oils of C. longa and 
curcumin (Table 6.2).

Tian et al. (2011) explored the dill essential oil derived from the seeds of Anethum 
graveolens to access its antifungal activity in vitro and in vivo against toxigenic 
strains of Aspergillus flavus, A. niger, A. oryzae, and Alternaria alternata. They 
observed that the mycelial growth of A. flavus (88.9%), A. niger (94.4%), A. oryzae 
(88.9%), and A. alternata (83.3%) was significantly reduced by the EO at a concen-
tration of 120μL/mL. Kiran et al. (2016) explore the efficacy of Cinnamomum zeyl-
anicum essential oil (CZEO) against Aspergillus flavus and aflatoxin B1 secretion, 
its functional properties, and mode of action. CZEO exhibited absolute fungitoxic-
ity against A. flavus, and the MIC of the species fluctuated between 0.25 and 6.0μL/ 
mL.  Furthermore, CZEO drastically lowered the generation of aflatoxin B1 and 
inhibited it at 0.3μL/mL. Li et  al. (2016) studied the inhibitory effects of Litsea 
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cubeba essential oil (LC-EO) on Aspergillus flavus and aflatoxin B1 production in 
licorice. The minimum inhibitory concentration zone (MIC) and minimal fungicidal 
concentration (MFC) zone of LC-EO were 0.5 and 1.0μL/mL, respectively. The 
mycelia growth and aflatoxin B1 accumulation were completely inhibited when 
licorice was treated with 5.0μL/mL for 20 days. Gemeda et al. (2014) studied the 
effect of some EOs, viz., Cymbopogon martinii, Foeniculum vulgare, and 
Trachyspermum ammi, against toxigenic strains of Aspergillus species (A. niger and 
A. flavus). T. ammi oil showed the highest antifungal activity and could inhibit 
mycelial growth at 1 𝜇L/mL. Ozcakmak et al. (2017) compared the effects of mint, 
garlic, sage, and wild oregano EOs on the growth of Penicillium verrucosum and its 
ochratoxin A production. Sage and mint essential oils reduced considerable toxin 
production, although wild oregano and garlic essential oils wholly prevented them, 
at quantities of 0.5 and 0.25%, accordingly. To control four corn fungi, A. flavus 
(CCC116–83 and BXC01), P. oxalicum (083296), and P. minioluteum (BXC03), 
which produce mycotoxin in maize, Camiletti et al. (2014) evaluated the antifungal 
activity of the essential oils of oregano varieties, mint varieties, and rosemary plants 
grown in Argentina. They noted that oregano EO was most effective against myco-
toxigenic fungus, while others had neither antifungal nor toxin inhibitory activity. 
Pérez-Izquierdo et al. (2022) evaluated the essential oil from hydrodistillation of 
Cistus ladanifer and found a strong antifungal effect on all four species of phyto-
pathogenic fungi (Rhizoctonia solani, Fusarium oxysporum sub sp., radicis- 
lycopersici, and Cryphonectria parasitica) and on oomycete (Phytophthora 
cinnamomi), when tested in vitro. All four species had their sporulation suppressed 
by EO. Marı́n et  al. (2004) studied the effect of essential oils (cinnamon, clove, 
oregano, palmarosa, and lemongrass) on zearalenone and deoxynivalenol produc-
tion by Fusarium graminearum in non-sterilized maize grain. The production of 
ZEA was significantly impacted by all parameters, including essential oils, tem-
perature, aw, treatment timing, and their interactions. In findings, they noticed that 
clove, lemongrass, and palmarosa oils reduced ZEA production when compared to 
the controls at 0.950 aw/30 °C; however, cinnamon and oregano essential oils had no 
effect. Lee et  al. (2008) explored the efficacy of 11 Myrtaceae essential oils 
(Eucalyptus citriodora, E. smithii, E. globulus, E. radiata, E. dives, E. polybractea, 
Melaleuca dissitiflora, M. quinquenervia, M. uncinata, M. linariifolia, and 
Leptospermum petersonii) and their components against three phytopathogenic 
fungi (Phytophthora cactorum, Cryphonectria parasitica, and Fusarium circina-
tum). As per the report, only three plant species have shown antifungal efficacy in 
in vitro fungicidal activity. Essential oils from L. petersonii had the strongest fungi-
cidal effects (46.2%) in a test against P. cactorum, followed by essential oils from 
M. quinquenervia and E. citriodora (35.4 and 33.6%). Gakuubi et al. (2017) inves-
tigated the antifungal activity of Eucalyptus camaldulensis essential oil against 
maize infecting and fumonisins producing Fusarium spp., viz., F. solani, F. verticil-
lioides, and F. proliferatum. After five days of incubation, the EO effectively inhib-
ited fungal growth formation at a dosage of 7–8 L/mL in all of the tested pathogen 
species. Xing et al. (2014a, b) studied the degradation effect of essential oils on 
FB1. They found that eugenol oil, eucalyptus oil, cinnamon oil, anise oil, citral, and 
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camphor oil were quite effective in reducing FB1. Furthermore, the optimal condi-
tions for 94.06% FB1 reduction by EOs were 280 mg/mL on 120 h of incubation at 
30  °C. The feasibility of using EOs and natural compounds used against human 
pathogenic fungal strains using conventional and non-traditional is highlighted by 
Abd Rashed et al. (2021) in a review. They explained that EOs with high monoter-
pene content have significant antifungal potential. Several species, including 
Cymbopogon sp., Thymus sp., Lavandula sp., and Salvia sp., were discovered to 
have excellent antifungal and toxin-inhibitory activity. 

6.10  Mode of Action of Essential Oils against Mycotoxigenic 
Fungi and their Toxins 

Aromatic oils extracted from various aromatic herbs or shrubs exhibit intense anti-
microbial or antifungal properties. Essential oils are low-molecular-weight, lipo-
philic molecules that are liquid, lipid-soluble, and volatile (Bakkali et  al. 2008; 
Basak and Guha 2018). Due to the lipophilic nature of essential oils, which enables 
them to cross the fungal cellular membrane, they may modify how permeable the 
membrane is to cations like H+ and K+. This influences the flow of protons, modifies 
cellular pH, and has an impact on the chemical components of cells as well as their 
activity. The interruption of membrane permeability leads to an imbalance in intra-
cellular osmotic pressure, which degrades intracellular organelles including Ca2+ 
ion channels, proton pumps, and ATP (adenosine triphosphate) pools, destroying 
intracellular organelles, proton pumps, and diminishing membrane potential. The 
fluidity of plasma membranes could change, which can hamper cytochrome C path-
ways, affect protein metabolism, and depress calcium ion concentration, among 
other things. As a result, EOs may damage the protein, lipid, and nucleic acid com-
position of cells. Permeability of the inner and outer mitochondrial membranes may 
result in apoptosis or cell death. This leads to harmful morphological and 
 ultrastructural changes that are irreversible i.e., spore germination inhibition, 
decreased mycelial growth, inhibition of energy release, and changes in gene 
expression patterns and metabolic processes (Basak and Guha 2018; Swamy et al. 
2016; Bakkali et al. 2005; Mani-López et al. 2021; and Andrade-Ochoa et al. 2021). 
Das et  al. studied the mode of action of Myristica fragrans-derived EOs against 
A. flavus and aflatoxin B1 (AFB1) contamination of stored scented rice (Oryza 
sativa) varieties in 2020. They demonstrate that MFEO reduced the ergosterol con-
tent of the fungal plasma membrane, increased cellular ion leakage, and decreased 
the amount of methylglyoxal, the substance that stimulates the production of afla-
toxin. Similar studies by Maurya et al. (2021a, b) examine the antifungal mode of 
action of Carum carvi essential oil (CCEO) against the Aspergillus flavus 
(AF-LHP-WS-4) producing aflatoxin B1 strain. CCEO inhibited fungal growth by 
inducing the efflux of essential cellular ions (viz., K+, Ca2+, and Mg2+) and inhibiting 
ergosterol and cellular methylglyoxal (MG) biosynthesis. Under light and scanning 
electron microscopy, Soylu et  al. (2006) investigated the antifungal activities of 
essential oils extracted from the aerial parts of aromatic plants such as oregano 
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(Origanum syriacum var. bevanii), thyme (Thymbra spicata subsp. spicata), laven-
der (Lavandula stoechas subsp. stoechas), and rosemary (Rosmarinus officinalis). 
The images demonstrated significant morphological changes in the pathogen 
hyphae, including protoplast leakage, vacuolations, hyphal shrivelling, and cyto-
plasmic coagulation. These changes were found in pathogen hyphae that had been 
exposed to both the volatile and contact phases of oil. Ramsdam et al. (2021) inves-
tigated the ability of five medicinal aromatic plant essential oils, namely Gaultheria 
fragrantissima, Curcuma longa, Zingiber officinale, Artemisia nilagirica, and 
Litsea cubeba, to inhibit the growth of toxigenic Aspergillus flavus isolated from 
stored maize in Meghalaya. They evaluated that Litsea cubeba EO had the highest 
antifungal activity (0.8μL/mL) among the essential oils, and as shown by scanning 
electron microscopy images, A. flavus treated with the oils had damaged hyphae and 
conidiophores. Ahmad et  al. (2013) assessed the in  vitro synergistic antifungal 
activity of thymol and carvacrol with fluconazole against susceptible and resistant 
Candida albicans and also explained the synergistic antifungal effect with the azole 
antimycotic fluconazole by inhibiting the over-expression of efflux-pump genes 
CDR1 and MDR1. Both monoterpenes were highly effective at blocking drug efflux 
transporter pumps (70–90%) in Candida spp. Ahmad et al. (2011) elucidated that 
carvacrol and thymol have strong fungicidal effects against 11 fluconazole-sensitive 
and resistant Candida isolates. These natural isopropyl cresols appear to affect 
membrane integrity and impair ergosterol production as their primary mode of 
action (Table 6.3).  

According to Rammanee and Hongpattarakere (2011), lime essential oil com-
pletely inhibited the growth and aflatoxin production of A. flavus at a dosage of 
2.25 mg/mL, whereas kaffir and acid lime essential oils significantly reduced the 
aflatoxin production of A. flavus and A. parasiticus. The effects of acid lime essen-
tial oil on target cell damage were examined using transmission electron micros-
copy. Essential oil-treated cells had observable alterations to the plasma and nucleus 
membranes, including loss of cytoplasm, vacuole fusion, and separation of the 
fibrillar layer. Wang et al. (2018) reported that A. ochraceus exposed to 0.4 mmol/L 
of cinnamaldehyde showed harmful morphological and ultrastructural modifica-
tions that were irreversible, including folding of the cell, loss of cell wall integrity, 
disruption of the plasma membrane, destruction of the mitochondria, and the 
absence of intracellular organelles. The investigated regulatory and biosynthetic 
genes, such as pks, laeA, nrps, veA, and velB, were significantly downregulated in 
the presence of cinnamaldehyde. Singh et al. (2019) reported that chemically char-
acterized nanoencapsulated Ocimum sanctum essential oil (OSEO) decreased the 
ergosterol content, increased the leakage of vital cellular ions, and also decreased 
the methylglyoxal content (an aflatoxin-inducing substrate). Boswellia serrata 
essential oil was tested in vitro and in a viable maize plant by Venkatesh et al. (2017) 
to determine its antifungal and anti mycotoxigenic properties. B. serrata essential 
oil completely inhibited the formation of aflatoxin B1 and fumonisin B1, and the 
ergosterol content fell dramatically as the concentration of essential oil increased. 
Bennis et  al. (2004) exposed yeast cells to thymol and eugenol (phenolic major 
components of thyme and clove essential oils), which caused lysis as evidenced by 
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Table 6.3 Mode of action of essential oils against species of mycotoxigenic fungi and their toxins 

Targeted fungi/toxins 
Essential oils/ 
constituent Mode of action/observation Reference

Aspergillusflavus and 
AFB1 

Melaleuca cajuputi Preventing the synthesis of 
AFB1 by inhibiting 
intracellular methylglyoxal, 
ergosterol synthesis, leakage 
of cellular components, and 
mitochondrial membrane 
damage potential 

Chaudhari 
et al. 
(2022) 

Aspergillus Niger Matricaria 
chamomilla 

The plasma membrane was 
damaged and separated from 
the cell wall, the cytoplasm 
was entirely depleted and 
the intracellular organelles 
were disorganized 

Tolouee 
et al. 
(2010) 

AspergillusNiger Thymus x-porlock, 
Thymus eriocalyx 

Irreversible disruption to the 
cellular organelles, cell 
membrane, and cell wall 

Rasooli 
et al. 
(2006) 

Fusarium solani Thymol and 
salicylic acid 

The structure and function 
of mitochondria were 
adversely affected, and the 
integrity and permeability of 
the cell membrane were 
degraded 

Kong et al. 
(2021) 

Monilinia fructicola Tea tree oil, lemon 
oil, rosemary oil, 
and thyme oil 

TTO altered mycelial 
morphology, intracellular 
reactive oxygen species 
(ROS) levels, and membrane 
permeability in post-harvest 
peaches 

Xu et al. 
(2021) 

Penicillium italicum Citral Disruption of integrity and 
permeability of cell 
membrane, alteration of 
extracellular pH, the release 
of cell constituent, and 
potassium ion leakage, as 
well as a decrease in 
ergosterol contents and total 
lipid 

Tao et al. 
(2014a) 

Penicillium italicum, 
Penicillium digitatum 

Citrus reticulata Changes in extracellular 
conductivity and total lipid 
content, the release of cell 
components, and 
cytotoxicity were caused by 
disruptions in cell membrane 
integrity and cell component 
leakage 

Tao et al. 
(2014b)

A. Tiwari et al.
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Targeted fungi/toxins 
Essential oils/ 
constituent Mode of action/observation Reference

Fusarium graminearum Humulus lupulus 
(hop) 

Changes in the chitin and 
total lipid composition of the 
outer cell membrane, 
disruption of the 
cytoplasmic membrane, and 
prevention of mycelial 
growth and spore 
germination 

Jiang et al. 
(2023) 

Aspergillus Niger Melaleuca 
alternifolia 

Down-regulation of 
important genes that are 
expressed concerning 
metabolic pathways like 
glycolysis, pentose 
phosphate, and 
phenylpropanoid was 
significantly induced 

Kong et al. 
(2020) 

Candida species Ocimum sanctum Disruption of membrane 
integrity and reduction in 
ergosterol biosynthesis 

Khan et al. 
(2010) 

Raffaeleaquercus-
mongolicae, and 
Rhizoctonia solani 

Cinnamomum 
verum and 
Cymbopogon 
citratus 

Disruption of cell 
membranes and the 
generation of reactive 
oxygen species (ROS) 

Lee et al. 
(2020) 

Aspergillus flavus and 
AFB1 

Caesulia axillaris Increased the shelf life of 
herbal raw materials by 
reducing lipid peroxidation 
and biodeterioration 

Mishra 
et al. 
(2012a, b) 

Alternaria alternata Cinnamaldehyde Loss of cell membrane 
integrity, reduction in total 
lipid content, the release of 
intracellular components, 
leakage of electrolytes, and 
reduction in total lipid 
content 

Xu et al. 
(2018) 

Fusarium verticillioides Cinnamon oil and 
cinnamaldehyde 

Irreversible harmful 
morphological and 
ultrastructural changes, such 
as loss of integrity of the cell 
wall, lack of cytoplasmic 
contents, destroyed 
mitochondria, ruptured 
plasma membranes, and cell 
folding 

Xing et al. 
(2014a, b)

Table 6.3 (continued) 

(continued)
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Targeted fungi/toxins 
Essential oils/ 
constituent Mode of action/observation Reference

Aspergillus flavus Ageratum 
conyzoides 

Degradation in the 
surrounding fibrils as well as 
in the ultrastructure, which 
was more visible in the 
endomembrane system, such 
as in mitochondria 

Nogueira 
et al. 
(2010) 

Candida albicans, C. 
tropicalis, C. glabrata, 
Saccharomyces cerevisiae, 
Zygosaccharomyces 
parabailii, Debarymyces 
hansenii 

Chrysanthemum 
morifolium 

Cytoplasmic membrane 
permeability was disrupted, 
and mitochondrial 
membrane potential and 
DNA binding were also 
affected 

Zhan et al. 
(2021) 

Fusarium verticillioides Rosmarinus 
officinalis 

This causes the cell wall to 
be damaged and the loss of 
essential cellular elements, 
which in turn prevents the 
synthesis of ergosterol and 
fumonisins 

da Silva 
Bomfim 
et al. 
(2015) 

Candida spp. Laurus nobilis Negatively affects C. 
albicans biofilm adhesion 
and formation by interfering 
with cell wall production 
and membrane ionic 
permeability 

Peixoto 
et al. 
(2017) 

Aspergillus flavus Curcuma longa Aflatoxin production is 
suppressed by mycotoxin 
gene silencing, which 
disrupts plasma membrane 
integrity, and mitochondrial 
dysfunction 

Hu et al. 
(2017) 

Geotrichum citri-aurantii Cinnamaldehyde Interfering the build of the 
cell wall and therefore may 
lead to the damage of cell 
wall permeability and 
integrity 

OuYang 
et al. 
(2019) 

Trichophyton. Rubrum, T. 
tonsuran, 
Microsporumgypseum 
T. Mentagrophytes 

Foeniculum vulgare Damages the plasma 
membrane, and intracellular 
organelles and also inhibit 
the activities of a 
mitochondrial enzyme, such 
as malate dehydrogenase, 
succinate dehydrogenase, 
and ATPase 

Zeng et al. 
(2015)

Table 6.3 (continued)
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Table 6.3 (continued)

Targeted fungi/toxins 
Essential oils/ 
constituent Mode of action/observation Reference

Aspergillus flavus, 
aspergillus ochraceus 

Geraniol and citral Citral showed antimycotic 
action mainly by inhibiting 
the genes involved in 
sporulation and 
proliferation. Geraniol 
inhibited A. flavus by 
increasing intracellular ROS 
generation, while it 
exhibited toxicity toward A. 
ochraceus via altering cell 
membrane permeability 

Tang et al. 
(2018) 

Aspergillus flavus and 
AFB1 

Cinnamaldehyde, 
citral, and eugenol 

Gene transcription levels 
that are involved in the 
production of aflatoxin were 
decreased 

Liang et al. 
(2015) 

Candida albicans Tea tree, thyme, 
peppermint, and 
clove oils 

Damage to the mitochondria 
has lethal effects on Candida 
albicans, and also has 
cytotoxic and genotoxic 
effects 

Rajkowska 
et al. 
(2016)

the release of substances that absorb at 260 nm. A scanning electron microscope 
analysis of the findings revealed significant surface damage in the treated cells. The 
findings revealed that the antifungal efficiency of both of these components involves 
modification of the membrane and cell wall of the yeast (Fig. 6.7). 

6.11  Conclusion 

The essential oils and their bioactive components have significant antifungal and 
anti-mycotoxigenic properties at the cellular and molecular levels against the major 
group of fungi responsible for food deterioration. The most commonly used essen-
tial oils have an effect on Aspergillus spp., Penicillium spp., and Fusarium spp., 
which were the most employed genera and species in the last decade for mycotoxi-
genic fungi, mycotoxins, and their modes of action. In terms of mode of action, vari-
ous mechanisms involve extending the lagged phase, modifying the fungal growth 
rate, inhibiting the cell membrane and cell permeability, and disrupting the enzy-
matic cell system. The current reports suggest that developing aflatoxin- resistant 
varieties using a green transgenic strategy would be facilitated by their mode of 
action in AF inhibition via methylglyoxal. Despite the several significant character-
istics of essential oils, it should be emphasized that their organoleptic effects can be 
problematic. In this sense, nanoencapsulation can be a possible approach to dealing 
with these issues because the process can limit their loss as well as enhance the 
stability of the antifungal and anti-mycotoxigenic potential of EOs and their bioac-
tive components and may reduce their interaction with food while retaining their 
original organoleptic properties. 
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Fig. 6.7 Schematic of essential oil’s principle of action against mycotoxigenic fungi  
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the Bio-Deteriorating Insect Pests 
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Abstract 

Plant-based essential oils (EOs) are emerging as promising alternatives to chemi-
cal insecticides worldwide against stored food insect pests. EOs are plant sec-
ondary metabolites containing a mixture of various aromatic and aliphatic 
compounds that play crucial role in plant defense and signaling processes. 
Coleoptera followed by Lepidoptera are the most destructing insect orders caus-
ing huge loss to stored food items worldwide. A plethora of research and review 
articles have been published reporting the ef�cacy of different EOs against them 
in various methods like contact toxicity, fumigation toxicity, repellent activity, 
oviposition deterrent activity, ovicidal activity, larvicidal activity, pupaecidal 
activity and antifeedant activity. However, most of the studies focused only on 
one or two insect pests or one or two methods. The present chapter aims to fur-
nish short information on various important stored product insect pests as well as 
ef�cacy of different EOs against them in various ways as analyzed in different 
research studies. Further, future research studies concerning the use of EOs as 
insecticides should focus on detailed investigations in the real food system and 
their safety pro�le, an area that needs more research input. 
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7.1  Introduction 

Essential oils (EOs) are gaining increased interest to be developed as botanical insec-
ticides for stored pest management in both developing and developed countries. The 
increased insect resistance, and eco-toxicological, environmental and social conse-
quences of the commonly applied synthetic chemical insecticides in agriculture have 
led researchers to investigate EOs as viable eco-friendly alternatives of hazardous 
chemical insecticides. Further, the worldwide availability and relative cost-effective-
ness of EOs make them a suitable alternative of synthetic insecticides. 

EOs are plant secondary metabolites composed of a mixture of hundreds of aro-
matic and aliphatic compounds with the dominance of monoterpenes, sesquiter-
penes and their oxygenated derivatives and they play very important roles in plant 
defense and signaling processes (Zuzarte and Salgueiro 2015). EOs are produced by 
different plant organs like leaves, flowers, buds, fruits, seeds, bark, wood, rhizomes 
and roots. Some angiospermic families such as Asteraceae, Cupressaceae, 
Lamiaceae, Lauraceae, Rutaceae, Myrtaceae, Piperaceae, Apiaceae and Poaceae 
show increased accumulation of EOs in their glandular trichomes, secretory cavities 
and resin ducts. The main components of EOs, monoterpenes and sesquiterpenes 
are synthesized via either the methylerythritol 4-phosphate (MEP) pathway or the 
mevalonate-dependent (MVA) pathway in the cytoplasm and plastid (Hüsnü and 
Buchbauer 2015). The most common methods for extraction of EOs from raw plant 
materials are hydro-distillation, steam distillation and mechanical processes as con-
sidered in the European Pharmacopoeia and the International Standard Organization 
on Essential oils (ISO 9235:2013) (Zuzarte and Salgueiro 2015). However, some 
other modern methods frequently used for extraction of EOs are solvent extraction, 
microwave-assisted extraction, ultrasonic extraction, Soxhlet extraction, subcritical 
or superheated water extraction (SCWE) and supercritical fluid extraction. The 
composition of EOs is strongly subjected to variations according to their geographic 
origin, physiological status (i.e., flowering, vegetative etc.) of the plants, the part of 
the plant from which EOs were extracted, method of extraction etc. that can signifi-
cantly alter the quality and the quantity of EO components and thus the toxicity of 
the EOs (Campolo et al. 2018). 

EOs have a huge potential to be developed as plant-based alternative insecticide 
against different stored product insects as supported by a plethora of literature, how-
ever, information of various storage insects as well as efficacy of EOs against them 
in a single article is limited. The aim of this chapter is to provide short information 
on various important stored product insect pests and to analyze research studies on 
the use of essential oils against them in various aspects. 

Coleoptera (beetles) and Lepidoptera (moths and butterflies) are the two major 
groups of insects that are responsible for post-harvest deterioration of stored food 
commodities. They can infest the crops both in the field and in store. Crop damage 
by Coleoptera is done by both larvae and adults while Lepidoptera damage is done 
mainly by the larvae. These insect pests of storage food commodities not only cause 
serious damage to agricultural products worldwide during their storage but also 
provide suitable medium for other contaminants such as bacteria, fungi and mites. 
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The following is a short description of most common post-harvest storage insect 
pests causing significant damage to stored food commodities worldwide. 

7.2  Coleoptera 

This is the largest order of insects that contains the most common and important 
stored product insects. In adults, the front pair of wings is modified into hard elytra. 
They inhabit a wide variety of habitats and can be found almost everywhere. They 
can be primary, i.e., able to attack intact grains; while others are secondary pests, 
i.e., attack already damaged grains or grain products. 

7.2.1  Curculionidae (Snout Beetles) 

The adults of this family are characterized by the presence of elongated downward- 
curved snout (rostrum). This family contains world’s most common and destructive 
stored grain pests comprising Sitophilus oryzae (L.) (rice weevil), S. zeamais 
Motsch. (maize weevil) and S. granarius (L.) (granary/wheat weevil). These are the 
major insect pests of stored wheat, rice, maize and barley; however, they are able to 
develop on all cereals, dried cassava and other processed food products. Adult 
females create a small hole in intact grain, lay eggs inside and seal the hole with a 
secretion. Pupation takes place inside the grain and adults chew their way out 
through the outer layer of the grain. An adult female can lay more than 500 eggs and 
live for 6 months or more (Mound 1989). 

7.2.2  Bruchidae (Seed Beetles) 

This family includes short, stout-bodied beetles with a short forewing not reaching 
the tip of the abdomen. Adults have relatively long antennae. Larvae feed inside 
stored dry grains, mainly legumes. This family contains several important field and 
stored crop pests. The most destructive insect pest from this family is Callosobruchus 
sp. Adults have a short life span of about 12 days and do not feed. They show the 
polyphenism, i.e., two life forms can be seen: the active (flying) form and the flight-
less form. The adult females lay about 100 eggs glued to the seed surface or pods. 
Larvae tunnel inside the seed where the entire development takes place. C. macula-
tus (Fabricius) (cowpea weevil or pulse beetle) and C. chinensis (Adzuki bean bee-
tle) are the major field-to-storage insect pest of pulses with broad host range and 
may cause up to 100% destruction of seeds within 3–4 months (Kedia et al. 2015a, 
b). Other species such as C. rhodesianus, C. subinnotatus, Acanthoscelides obtectus 
Say (Bruchus obtectus Say) (American bean weevil), Caryedon serratus (Olivier) 
(groundnut borer) are also important pests of legume seeds. 
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7.2.3  Tenebrionidae (Darkling Beetles) 

The adults of this family are black or dark brown and are characterized by the tarsi 
of the hind leg with only four segments. Tribolium castaneum Herbst. (red-rust flour 
beetle) and T. confusum J. du Val (confused flour beetle) from this family are prob-
ably the most serious secondary pests of all plant commodities in store (flour mills, 
grain bins, empty cargo containers, storage units and retail stores) throughout the 
world causing significant damage and weight loss of stored grains (Ismail 2018). 
Damage is done by both larvae and adults generally to broken grains rather than 
intact grains. The adult females lay small, cylindrical, white eggs scattered in the 
product. Larvae are yellowish with a pale brown head, and they live inside grains 
until pupation. Females can lay up to 1000 eggs and live for a year or more. Another 
important pest from this family is Tenebrio molitor (L.) (the yellow mealworm bee-
tle). It has worldwide distribution and feeds on a wide range of cereal products, 
plant and animal materials. 

7.2.4  Bostrichidae (Branch and Twig Borers) 

Adults of this family are elongated with the head bent down ventrally to the thorax 
and contain rasp-like hooks on the pronotum. This family includes two serious 
stored grain pests: Rhizopertha dominica (Fabricius) (lesser grain borer) and 
Prostephanus truncatus (Horn) (larger grain borer). R. dominica attacks on a large 
number of cereal grains during storage including wheat, barley, rice, oats, cassava, 
flour and other cereal products (Filomeno et al. 2020). Females can lay up to 500 
eggs on the grain surface. Larvae feed either externally or inside the grain and pupa-
tion takes place within the eaten grain. Both adults and larvae eat the endosperm 
resulting in powdered grains. P. truncates is a serious primary pest of maize and 
dried cassava. 

7.2.5  Laemophloeidae (Lined Flat Bark Beetles) 

This family contains one common pest of stored grains: Cryptolestes ferrugineus 
(Stephens) (rusty grain beetle). Adults are small with relatively big head and protho-
rax. This insect is a secondary pest of stored grains, usually attacks the germs of 
broken or cracked grains, thus reducing germination (Pantenius 1988). Other spe-
cies such as C. pusillus (Schonherr) and C. pusilloides (Steel and Howe) can also 
cause significant damage particularly in humid areas of the tropics. 

7.2.6  Silvanidae (Silvan Flat Bark Beetles) 

This family includes two important species: Oryzaephilus surinamensis (L) (saw- 
toothed grain beetle) and O. mercator (Fauvel) (merchant grain beetle). They infest 
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a wide variety of stored grains, processed foodstuff and almost every product of 
vegetable origin (Abd El-Salam et al. 2019). O. surinamensis prefers cereals, seeds 
and nuts while O. mercator is more frequent on oil-seed products all over the globe. 
They enter through damaged grains and feed on the germ. 

7.2.7  Dermestidae (Skin Beetles) 

One of the world’s most serious destructive stored product pest of grain and seeds 
from this family is Trogoderma granarium Everts (khapra beetle). Adults are oval, 
red brown in color with dark thorax. Adult females may lay up to 120 eggs within 
the stored products. Larvae are very hairy and bore into undamaged stored seeds. 
The larvae have the ability to fall under facultative diapause for several years and 
are tolerant to insecticidal treatments (Kavallieratos et al. 2020). 

7.2.8  Anobiidae (the Wood Borers) 

This family includes two important widespread storage pests: Lasioderma serri-
corne (Fabricius) (cigarette beetle) and Stegobium paniceum (Linnaeus) (drugstore 
beetle). L. serricorne is a common pest of stored cereals, cocoa beans, tobacco, 
ground nut, peas, beans, flours and other food items. Adults create holes on grains 
to mate and lay eggs inside. Newly hatched larvae feed on them and are responsible 
for most of the damage (Zhou et al. 2018). S. paniceum is less common and larvae 
are active feeders of stored biscuits, macaroni, dry fruits and other products. 

7.2.9  Trogossitidae (Bark Gnawing Beetles) 

The common pest in storehouse and granary from this family is Tenebroides mauri-
tanicus (L.) (the cadelle). It primarily attacks on cereals, oilseeds and their products. 
Both adults and larvae feed directly on stored food. The larvae may tunnel in 
wooden walls of the store to create a pupation chamber. 

7.3  Lepidoptera 

Lepidoptera is the second most important order of stored product insect pests after 
Coleoptera. Adults are active flyers with two pairs of scaly wings and larvae possess 
well-developed mandibles and pseudopods (false legs) on some of the abdominal 
segments. They can attack crops in both the field and store. Adults generally attack 
ripening crop while larvae can be found in recently harvested stored grains. 
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7.3.1  Pyralidae (Snout Moths) 

This is a large family containing two important stored product insect pests: Ephestia 
sp. and Plodia sp. E. cautella (Walker) (tropical warehouse moth) is a serious cos-
mopolitan pest of stored maize, wheat, dried fruits, beans, nuts, banana, groundnut 
and other grains. Adult females create holes in bags and lay sticky eggs within the 
substrate. Larvae cause considerable damage from webbing in the grain and on the 
surface of bags forming large lumps. E. elutella (Hub.) (warehouse moth) can be 
found on stored cocoa beans, grains, pulses, nuts, tobacco, coconut and dried fruits. 
E. kuehniella (Zeller) (Mediterranean flour moth) is a major pest of flour mills, 
grout mills, corn milling plants, bakeries and flour products. P. interpunctella 
(Hübner) (Indian meal moth) prefers meals and flours but can be found on stored 
raisins, nuts, pulses and cereals. The larvae of these insects feed on the germinal 
part of the grains causing food contamination with dead bodies, frass, exuviae and 
silk webbing (Mound 1989). 

7.3.2  Gelechiidae (Twirler Moths) 

This family contains two serious post-harvest pests Sitotroga cerealella and 
Phthorimaea operculella. S. cerealella (Olivier) (Angoumois grain moth) is a seri-
ous primary pest of maize, wheat and sorghum, both in the field and in stores, par-
ticularly the warmer parts of the world. Larvae feed and spend their entire life inside 
one grain leaving a hole after emergence (Bushra and Aslam 2014). P. operculella 
(Zeller) (potato tuberworm) is a cosmopolitan pest of potatoes, tomatoes and egg-
plants, both in the field and stores. 

7.3.3  Acaridae (the Mites) 

This is the family of mites including Acarus siro L. (flour mite), the cosmopolitan 
mite in foodstuff. A. siro can be found in granaries, feed mixing plants, threshing 
floors, stacks of hay and straw, dead organic matter, soil or plant residues and almost 
all products of plant or animal origin. Adult females lay large clutches of sticky 
eggs. The grains lose nutrients and germination ability, give a musty smell and 
unpleasant taste after contamination. 

7.4  Efficacy of Essential Oils against Stored Product 
Insect Pests 

To control these losses, mainly synthetic pesticides (gray chemicals) have been 
widely used throughout the world. However, due to adverse effects on non-target 
organisms and environment, resistance development among pests and high cost of 
synthetic insecticides, natural plant-based insecticides are getting preferred and 
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research is going on for their efficacy in large scale. Recently essential oil-based 
products are gaining momentum in view of their negligible persistence in the nature, 
multiple modes of action, low toxicity, large-scale availability, renewable source 
and less chances of resistance development in pests (Chaudhari et  al. 2021). A 
plethora of research and review articles have been published reporting the efficacy 
of EOs against stored insect pests, however, most of them have focused only on one 
or two insect pests. The reports concerning bio-efficacy of various EOs against vari-
ous stored product insect pests through various ways are compiled in Table 7.1. The 
following section deals with insecticidal activity of different EOs against various 
stored insect pests that have been reported time to time through various methods.   

7.4.1  Contact Toxicity 

Contact toxicity is a way to kill pests when they come in contact with a chemical. 
Different EOs have been analyzed by different workers to record their activity as 
contact toxicant against various stored product insect pests. The methods most 
commonly used were residual film assay, impregnated paper assay, dipping 
method, direct topical application method etc. Abdelgaleil et al. (2016) evaluated 
the contact toxicity of 20 plant EOs against S. oryzae, and found strong insecti-
cidal contact activity for Artemisia judaica (Asteraceae), Callistemon viminalis 
(Myrtaceae) and Origanum vulgare (Lamiaceae) EOs with LD50 value of 0.08, 
0.09 and 0.11 mg/cm2, respectively. Similar result was also observed for Syzygium 
aromaticum (Myrtaceae) and Lavandula officinalis (Lamiaceae) EO (LD50 values 
0.04 and 0.07 mg/cm2, respectively) (El-Bakry et al. 2016) and for Coriandrum 
sativum (Apiaceae), Eucalyptus obliqua (Myrtaceae) and Pinus longifolia 
(Pinaceae) EOs (LD50 values 36.68, 52.77 and 77.30 μg/cm2, respectively) against 
S. oryzae (Rani 2012). In another study, some EOs showed similar contact insec-
ticidal activity against S. zeamais (LD50 values for Aster ageratoides (Asteraceae) 
and Dracocephalum moldavica (Lamiaceae) were 27.16 and 22.10  μg/cm2, 
respectively) (Chu et  al. 2011, 2013) suggesting the reliability of these EOs at 
very low dosages for curculionid insects. In a similar study, Upadhyay et  al. 
(2019) investigated the contact toxicity of Melissa officinalis (Lamiaceae) EO 
against T. castaneum and observed strong toxicity after 48  h of exposure at 
0.157 μl/cm2 air concentration. In a laboratory bioassay, Emamjomeh et al. (2021) 
estimated the contact LC50 of Eucalyptus globulus (Myrtaceae) and Zataria mul-
tiflora (Lamiaceae) EOs as 13.07 and 1.47 μl/l, respectively, against E. kuehniella. 
Researches showed the toxicity difference of different EOs on different insects 
could be affected by the penetration ability of the EO components, ability of 
insect to metabolize these components, thickness and the composition of cuticle 
in insects. 
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Table 7.1 Bio-efficacy of various EOs against various stored product insect pests as analyzed 
through various methods 

EO Test insects Results Reference
Contact toxicity 
Cupressus 
lusitanica 
Eucalyptus 
saligna 

T. castaneum 
A. obtectus 
S. zeamais 

5.0–65.0% mortality at 0.20% v/w 
EOs and 120 days grain storage 

Bett et al. (2017) 

Liriope muscari T. castaneum 
L. serricorne 

LD50 values 13.36 and 11.28 μg/adult, 
respectively 

Wu et al. (2015) 

Aloysia 
citriodora 

R. Dominica LC50 value 26.6 mg/cm2 Benzi et al. 
(2009) 

Chenopodium 
ambrosioides 

C. chinensis 
C. maculatus 
A. obtectus 
S. granarius 
S. zeamais 
P. truncatus 

80–100% mortality at 0.2 μl/cm2 dose 
within 24 h except C. maculatus and S. 
zeamais (20 and 5% mortality, 
respectively) 

Tapondjou et al. 
(2002) 

Cinnamomum 
cassia 
Cocholeria 
aroracia 
Brassica juncea 

L. serricorne Over 90% mortality at 3 days after 
treatment 

Kim et al. 
(2003) 

Hyptis 
suaveolens 
Ocimum canum 

T. 
mauritanicus 

100 and 20% mortality, respectively, at 
0.5 μl EO/g of peanut after 24 h 

Adjou et al. 
(2019) 

Cymbopogon 
martinii 

P. 
interpunctella 

LD50 value 22.8 μg/cm 2 Jesser et al. 
(2017) 

Fumigation toxicity 
Eucalyptus 
globulus 

P. 
interpunctella 

KT50 value 8.34 min. Jesser et al. 
(2017) 

Mentha spicata L. serricorne 
S. paniceum 

97.63 and 97.76% mortalities, 
respectively, at 20% v/v concentration 
after 24 h 

Karakoç et al. 
(2018) 

Rosmarinus 
officinalis 

O. 
surinamensis 

100% mortality at 0.15 μl/ml EO Kiran and 
Prakash (2015) 

Lippia palmeri S. zeamais 
P. truncatus 

92–100% mortality at 72 h with 
1000 μl/l EO concentration 

Martínez- 
Evaristo et al. 
(2015) 

Artemisia 
vulgaris 

T. castaneum 
C. maculatus 
R. Dominica 

LC50 in the range of 52.47 to 
279.86 μl/l air after 24 h 

Sharifian et al. 
(2013) 

Cuminum 
cyminum 

C. chinensis 
S. oryzae 

LC50 value 3.52 and 104.07 μl/l, 
respectively 

Kedia et al. 
(2015) 

Menthalongifolia T. castaneum 
T. confusum 
T. molitor 
O. 
surinamensis 
A. siro 

84.4, 42.2, 100, 100 and 87.8 
mortalities, respectively, at 1000 ppm 
of EO 

Kavallieratos 
et al. (2022)

(continued)
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Table 7.1 (continued) 

EO Test insects Results Reference
Repellent activity 
Cupressus 
lusitanica 
Eucalyptus 
saligna 

T. castaneum 
A. obtectus 
S. zeamais 

34–52.4% repellency at 0.20% v/w 
EOs after 120 days grain storage 

Bett et al. (2017) 

Cuminum 
cyminum 

C. chinensis 
S. oryzae 

100 and 53% repellency, respectively 
at 12.5 μl/l air EO concentration 

Kedia et al. 
(2015) 

Lippia palmeri S. zeamais 
P. truncatus 

Total repellency and repellency index 
0.15 at 24 h with 20 μl/l EO 

Martínez- 
Evaristo et al. 
(2015) 

Premna 
quadrifolia 
P. angolensis 

S. Cerealella 96.84 and 91.55% repellency, 
respectively at 1% EO concentration 

Adjalian et al. 
(2015) 

Oviposition deterrence and ovicidal activity 
Cuminum 
cyminum 

C. chinensis 
S. oryzae 

>95 and > 75% deterrence, 
respectively at 100 μl/l air EO 
concentration 

Kedia et al. 
(2015) 

Cinnamomum 
verum 
Citrus hystrix 
Cymbopogon 
nardus 
Euodia 
suaveolens 
Syzygium 
aromaticum 

C. ferrugineus LC50 values for eggs 17, 12, 11, 16 and 
11 ppm, respectively 

Ikawati et al. 
(2020) 

Eucalyptus 
Rosemary 
Lemon grass 

E. Cautella 60.2, 33.6 and 46.7% egg hatching 
inhibition, respectively, at 5–15% EOs 
concentration 

Al-Taie and 
Sabr (2018) 

Majorana 
hortensis 

P. Operculella 100% eggs failed to hatch at 0.1 ml 
dose of EO through contact mode 

Abd El-Aziz 
(2011) 

Larvicidal and pupaecidal activity 
Cinnamomum 
verum 
Citrus hystrix 
Cymbopogon 
nardus 
Euodia 
suaveolens 
Syzygium 
aromaticum 

C. ferrugineus LC50 values for larvae 24, 17, 22, 22 
and 24 ppm and for pupae 9, 8, 8, 10 
and 7 ppm, respectively 

Ikawati et al. 
(2020) 

Laurus nobilis 
Salvia officinalis 

T. granarium LC50 values 37.9 and 50.7 μl/l, 
respectively, for larvae 

Tayoub et al. 
(2012) 

Zataria 
multiflora 

E. Kuehniella LC50 values 0.61 μl/cm2 for larvae after 
72 h 

Emamjomeh 
et al. (2017)

(continued)
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Table 7.1 (continued)

EO Test insects Results Reference
Eucalyptus 
Rosemary 
Lemon grass 

E. Cautella 29.33, 40 and 17.33% mortality of 
young larvae and 39.77, 21.67 and 
32.20% mortality of late larvae, 
respectively, at 5–15% concentration 
of EOs 

Al-Taie and 
Sabr (2018) 

Majorana 
hortensis 

P. Operculella 100, 100 and 11.3% mortality of larva, 
prepupa and pupal stages after 24 h at 
0.2 ml/10 g dose 

Abd El-Aziz 
(2011) 

Menthalongifolia T. castaneum 
T. confusum 
T. molitor 
O. 
surinamensis 
A. siro 

100, 100, 34.4, 100 and 67.8% 
mortalities to larvae, respectively, at 
1000 ppm EO 

Kavallieratos 
et al. (2022) 

Antifeedant activity 
Cuminum 
cyminum 

C. chinensis 
S. oryzae 

100 and 97% FDI, respectively, at 
100 μl/l air EO concentration 

Kedia et al. 
(2015a, b) 

Acorus calamus P. truncatus Feeding lowered to 50% compared to 
the control at 0.01% oil concentration 

Schmidt and 
Streloke (1994) 

Rosmarinus 
officinalis 

O. 
surinamensis 

100% antifeedant activity at 0.15 μl/ml 
EO 

Kiran and 
Prakash (2015) 

Premna 
quadrifolia 
P. angolensis 

S. Cerealella 0.07 and 0.15% grain damage, 
respectively, at 15 μl/ml dose of EO 

Adjalian et al. 
(2015)

7.4.2  Fumigation Toxicity 

Fumigants are insecticides that act in the vapor or gaseous phase on the target pests. 
Being volatile in nature, EOs are well suited to be developed as plant-based fumi-
gants. Extensive work has been done to assess the fumigation toxicity of EOs 
against various storage insects. The most followed method for fumigation toxicity 
of EOs was impregnated paper assay by using filter papers inside closed containers. 
Ocimum gratissimum (Lamiaceae) EO showed prominent fumigation toxicity 
against S. oryzae, C. chinensis, R. dominica and O. surinamensis (LC50 values 0.50, 
0.20, 0.20 and 0.19 μl/l, respectively) but less toxicity toward T. castaneum (LC50 
24.9 μl/l) (Ogendo et al. 2008). In another study, Artemisia sieberi (Asteraceae) EO 
showed pronounced fumigation toxicity against C. maculatus, S. oryzae and T. cas-
taneum (LC50 values 1.45, 3.86 and 16.75 μl/l air, respectively, after 24 h) (Negahban 
et  al. 2007). Similarly, Naseri et  al. (2017) investigated the fumigant toxicity of 
A. sieberi and A. khorassanica EOs against adults of S. cerealella and recorded LC50 
values as 9.26 and 7.38 μl/l air concentrations, respectively. Research showed pro-
nounced fumigation toxicity of EOs against various insect pests favoring their 
application for managing insect pest population in closed spaces such as storage 
bins or buildings. Currently, through microencapsulation method, some EOs have 
been encapsulated and showed increased activity by improving their handling, 
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stabilization and controlled delivery. The application of EOs in post-harvest protec-
tion of stored food commodities would be economical as very low dose of EO may 
uniformly fumigate the commodities kept in large containers. 

7.4.3  Repellent Activity 

Repellents are chemicals that act locally or at a distance by providing a vapor bar-
rier, deterring an insect from coming into contact to or landing over a surface. 
Hundreds of plant EOs have been investigated as potential sources of insect repel-
lents, however, the studies mainly focused on Dipteran insects; the insect pests of 
stored food commodities (Coleoptera and Lepidoptera) have been less researched. 
The most commonly used methods were filter paper method, choice bioassay and 
olfactometer assay. In a study, Caballero-Gallardo et al. (2011) tested the repellent 
activity of Lippia alba, Rosmarinus officinalis, Lepechinia betonicifolia (Lamiaceae), 
Tagetes lucida (Asteraceae) and Cananga odorata (Annonaceae) EOs against 
T. castaneum and observed 96 ± 2, 92 ± 4, 92 ± 4, 90 ± 3 and 98 ± 2% repellent 
activity, respectively, after 4 h of exposure at 0.2 μl/cm2 concentration. Similarly, 
Fogang et al. (2012) observed the 100% repellent activity of Zanthoxylum xanthoxy-
loides (Rutaceae) EO against A. obtectus at 0.501  μl/cm2 air concentration. 
Nattudurai et al. (2017) observed 85.24 and 75.24% repellency against C. maculates 
and S. oryzae, respectively, at 25 μl/l air concentration of Atalantia monophylla 
(Rutaceae) EO after 3 h of exposure using a Y-tube glass olfactometer. In an another 
study, Mahdi and Behnam (2018) observed 49.99 and 58.33% repellency of Citrus 
sinensis (Rutaceae) EO against R. dominica and L. serricorne, respectively, after 
3 h of exposure. Similarly, Ogendo et al. (2008) observed 78–93% repellency of 
Ocimum gratissimum (Lamiaceae) EO at 0.05–0.2% v/w concentration after 24 h 
against C. chinensis through choice bioassay in Petri plates. 

7.4.4  Oviposition Deterrent and Ovicidal Activity 

Oviposition deterrent is the property by which a chemical does not allow the females 
to deposit eggs on a surface. Ovicidal activity is the property by which a chemical 
kills the eggs by disrupting embryonic development. Several EOs have been reported 
to have oviposition deterrent and ovicidal activities against various stored product 
insect pests, however, reports are more for the insects that lay eggs over the seed 
surface and are clearly visible. Papachristos and Stamopoulos (2004) investigated 
Lavandula hybrida, Rosmarinus officinalis (Lamiaceae) and Eucalyptus globulus 
(Myrtaceae) EOs against A. obtectus and observed 27.1–29.9% oviposition deter-
rent and ovicidal activity at 197.2 μl/l air concentration. The activity increased on 
increasing time period. Mondal and Khalequzzaman (2009) observed the ovicidal 
activity of five EOs on T. castaneum eggs and found the strongest effect for Elettaria 
cardamomum (Zingiberaceae) while the lowest impact for Azadirachta indica 
(Meliaceae). Kedia et al. (2014) observed 98% oviposition deterrence and 100% 
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ovicidal performance of Mentha spicata EO against C. chinensis at 0.1 and 
0.0125 μl/ml concentrations, respectively. In a study, Ayvaz et al. (2009) tested the 
ovicidal activity of five EOs against P. interpunctella and E. kuehniella. The highest 
egg mortality was observed from Satureja thymbra (Lamiaceae) EO (100%) and the 
lowest from Citrus limon (Rutaceae) EO (25–30%) for both the insects. EOs exhib-
ited oviposition inhibition either due to killing females before laying their eggs or 
due to the failure of live females to lay many eggs. Further, the EO components may 
enter into the eggs through chorion and suppress embryonic development exhibiting 
their ovicidal activity. These properties of checking the pest population at the begin-
ning of their life cycle would be advantageous in view of development of resistance 
in pests and can be recommended in food safety programs. 

7.4.5  Larvicidal and Pupaecidal Activity 

Most of the EO toxicity studies refer to adults. Being internal feeders, the toxicity 
of EOs toward larvae and pupae has been less investigated and these stages seemed 
to be more resistant than the mature adult stage. Kedia et  al. (2015a, b) tested 
Cuminum cyminum (Apiaceae) seed EO against C. chinensis and S. oryzae imma-
ture stages and observed the early embryonic stages (eggs and neonate larvae) as 
more susceptible than the older stages (mature larvae and pupae). The toxicity of the 
EO against C. chinensis was 92% for LI/LII larvae, 53% for LIII/LIV larvae and 
41% for pupae at 50 μl/l air concentration. Similarly against S. oryzae, EO showed 
59% toxicity to larvae and 44% mortality to pupae at the same concentration. In 
another study, Polatoğlu et al. (2016) tested Crithimum maritimum (Apiaceae) EO 
against the larva of O. surinamensis, S. granarius and S. oryzae in Petri plates and 
observed 100% mortality at 100 μl/ml dose. Papachristos and Stamopoulos (2009) 
observed the effects of Lavandula hybrida, Rosmarinus officinalis (Lamiaceae) and 
Eucalyptus globules (Myrtaceae) EOs on the development, longevity and fecundity 
of A. obtectus. All EOs caused increased larval and pupal developmental time and 
reduced longevity and fecundity of the newly emerged female adults. Studies 
showed that EOs can penetrate the chorion and/or vitelline membrane, facilitating 
their diffusion to affect vital physiological and biochemical processes of different 
developmental stages of insects. During storage conditions, all developmental 
stages are normally present at a single time and thus the products showing toxicity 
to immature stages as well has an additional merit to protect food commodities. 

7.4.6  Antifeedant Activity 

The chemicals which control insect feeding (mainly the active larval stage) and 
cause death by starvation are called feeding deterrents. Certain EOs have been 
reported to control grain damage by checking insect feeding in terms of feeding 
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deterrence index (FDI), weight loss of treated seeds and total seed damage. Liu and 
Ho (1999) tested the antifeedant activity of Evodia rutaecarpa (Rutaceae) EO and 
observed strong antifeedant action against larvae than adults (at a concentration of 
0.75 and 1.5  mg/disc for T. castaneum and 1.5 and 2.2  mg/disc for S. zeamais, 
respectively for growth and food consumption). Kiran and Prakash (2015) reported 
complete feeding deterrence of Gaultheria procumbens (Ericaceae) EO at 58.62 
and 2.71  μl/l air concentration against S. oryzae and R. dominica, respectively. 
Similarly, Shukla et  al. (2011) observed 100 and 96.82% FDI of Lippia alba 
(Lamiaceae) and Callistemon lanceolatus (Myrtaceae) Eos, respectively, even after 
24 months of storage against C. chinensis. In a study, Satureja hortensis (Lamiaceae) 
oil significantly decreased the relative growth rate and relative consumption rate of 
P. interpunctella larvae. Further at 2 μl/disk concentration, efficiency of conversion 
of ingested food (9.843%) was significantly low (Shahab-Ghayoor and Saeidi 
2015). Plant products having feeding deterrent activity in general show high adult 
mortality, less oviposition, increased larvae mortality and low adult emergence. 
These properties of EOs make them a suitable choice of alternative insecticide for 
stored food commodities. 

7.5  Mode of Insecticidal Action 

In most of the studies, the mode of insecticidal activity of EOs have been reported 
as neurotoxic by either inhibiting acetylcholine esterase (AChE) or by blocking 
γ-amino butyric acid (GABA) and octopamine receptors. Some other studies also 
report the EO toxicity by altering enzymatic and nonenzymatic antioxidant defense 
systems. AChE inhibition is one of the most researched mechanism as the insect 
AChE differs from the mammalian system by only a single residue and can be used 
as a selective marker. Various EO components bind the catalytic site of AChE, 
reduce its activity that lead to the accumulation of acetylcholine at neuromuscular 
junctions which again in turn induces neuronal excitation, hyperactivity, paralysis 
and finally death of the insects occur (Abdelgaleil et al. 2009; Kiran and Prakash 
2015). Octopamine and GABA receptors are second important targets next to AChE 
for various EOs. EO components may also bind with octopamine receptors causing 
increased intracellular cAMP (cyclic adenosine monophosphate) concentration and 
subsequent death (Kostyukovsky et  al. 2002). Some studies also suggested the 
blockage of GABA receptors as another targets of EOs mediated toxicity (Chaudhari 
et al. 2021). In a study, Kiran et al. (2017) reported that the toxicity of EO can be 
assigned to the increase in reactive oxygen species (ROS), superoxide dismutase 
(SOD) and catalase (CAT) and reduction in glutathione (GSH/GSSG) ratio upon 
treatment. The depletion in glutathione level can cause oxidative burden resulting 
into damage to nucleic acids and lipoproteins, and ultimately cell death. However, 
further research is needed to elucidate the exact mechanism of EOs against stored 
product insect pests. 

7 Essential Oils against the Bio-Deteriorating Insect Pests of Stored Food Commodities



172

7.6  Conclusion and Future Challenges 

Due to multiple modes of action, eco-friendly nature, renewable source and favor-
able safety profile, EOs would be the better alternative to the hazardous chemicals 
fumigants. To assess their practical application and effective formulation, the large 
scale testing in storage is needed. Because of growing consumer awareness and 
negative concerns toward synthetic chemicals, the use of plant-based natural EOs is 
becoming more popular in food security. Further, these products must be standard-
ized and registered before use to ensure product safety and efficacy. Some of the 
EO-based pesticides are already available in Western market; however, their use is 
limited due to higher volatility, low persistence and rapid oxidation. Recently, nano-
technology’s booming research trends show that EOs are encapsulated into edible 
secondary wall materials such as chitosan, gelatin, alginate, carrageenan, cyclodex-
trins etc. using different nanoencapsulation techniques such as ionic- gelation, spray 
drying or chilling, coacervation, electrospinning, emulsification etc. This technique 
not only solved the low persistence of EO but also caused increased efficacy and 
controlled release of EO at low concentrations, making their application easy. 
Further, detailed investigations are required for the efficacy of these products in the 
real food system and their safety profile, an area that needs more research insight. 
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Abstract 

The medicinal plants perform wide applications due to essential oils and biologi-
cally active constituents which are utilized in various industries. Revealed bio-
logical activity of constituents in essential oils, such as antibacterial, antioxidant, 
anti-in�ammatory, antifungal, antitumor, antiviral, and insecticidal led to their 
application in the role of importance in pharmacy, cosmetic, food, and aroma 
industries. This review is focused on recently applied extraction techniques fol-
lowed by optimization of the processes to provide the most effective potential of 
essential oils in the therapeutic and pharmaceutical industries. Bioactive com-
pounds and their maintenance in the industry are gaining attention due to their 
features to overcome synthetic and unsafe medicaments on the global market. 
Thus, the widespread application of bioactive compounds of plant essential oils 
requires scienti�c investigations of their isolation, an optimization of their yields, 
a concise analysis of their properties, formulations, and stability. Signi�cant 
research is performed on the production and characterization of essential oils 
with the main goal to apply them as pharmaceutical constituents, as �avors 
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8.1  Introduction 

Essential oils manifest wide spectrum of the biological activity which evaluate their 
spread application in the industry according to their therapeutic, preservative, 
medicinal, and favoring properties due to their constituents. The compositions of 
essential oils and extracts are usually complex due to the presence of highly func-
tionalized chemical substances of different chemical classes which include terpenes 
(monoterpenes and sesquiterpenes), phenylpropanoids, anthocyanins, alkaloids, 
sapogenins, and saponins. 

Since ancient times, alternative medicine applied plants as main treatment for 
wide spectrum of diseases, but nowadays modern and official commercial medica-
ments which are approved by FDA are derived and also accepted for treating vari-
ous diseases. There are already on the global market active compounds and drugs 
that have successfully been applied in the industry production and commercialized 
from plant material such as aspirin from Willow bark, paclitaxel, podophyllotoxin, 
vinblastin, and scopolamine, a chemotherapy medication derived from Taxus spp. 
Proved and established natural products for industrial application and commercial-
ization on global level require several approaches based on their isolation, optimiza-
tion for more convenient extraction techniques with goal to achieve the high yield 
of active compounds, extract composition characterization, proven activity and 
metabolism mechanism, and convenient pharmaceutical formulation of the final 
products. The most important secondary metabolites due to their bioactivity are 
classified as terpenoids, phenols, and alkaloids. Alkaloids are the most significant 
constituents of essential oils, due to remained medicinal activity, therefore known as 
the most important source of phytomedicinal active compounds and therefore tar-
geted at most for industrial production. Among alkaloids, there are many known 
bioactive compounds used and accepted as commercial medications such as mor-
phine, quinine, vincristine, vincamine, as well caffeine, cocaine, nicotine, and meth-
amphetamines. Terpenoids reveal antioxidant activity of importance such as retinol 
and β-carotene, including essential oils as carriers of fragrances, although including 
drugs (cannabinoids). Antioxidant properties are referred to phenols as well, char-
acterized by the aromatic rings with hydroxyl groups. Among phenols, polyphenols 
which contain polymerized phenolic groups are revealed to possess antioxidant 
properties. Phenols more frequently find application in supplements or as pigments 
in food industry, such as resveratrol and anthocyanidins. 

Essential oils as natural organic compounds remain valuable sources of bioactive 
compounds, as secondary metabolites synthesized in plant cells including enzy-
matic reactions. Insights into biosynthesis of essential oils, as well in their more 
priceless constituents, can improve extraction process of active compounds isola-
tion and their valuable application. 

The extraction techniques for essential oils isolation from plants are based on 
classic and traditional usage from ancient time as steam distillation and hydrodistil-
lation, although extraction with organic solvents is still in common use. Development 
of green technology in achieving more cleaner final product is maintaining by 
supercritical fluid extraction processes.
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A wide variety of essential oils from plants due to their traditional usage and 
even modern application requests have been of interest in our research file involving 
lemon balm (Melissa officinalis L.), fenugreek seeds (Trigonella foenum-graecum 
L.), pomegranate seeds (Punica granatum L.), Helichrysum immortelle, Cannabis 
sativa L. (family Cannabinaceae), sage leaves (Salvia officinalis), and wild bilberry 
(Vaccinium myrtillus L., Ericaceae). 

The biological activity of essential oil constituents recommends their application 
due to their medical and therapeutical value in pharmaceutical industry as medica-
ments in treating diseases, as supplements, or as a skin cream for skin disorders 
(Bogdanovic 2022, Dima and Dima 2015). Primarily their use was as fragrances in 
aromatherapy, while according to their revealed antioxidative, anti-inflammatory, 
cell regeneration properties, antibacterial, antifungal, antitumor, antiviral, and 
insecticidal activity recommended their application in phytomedicine. Essential oils 
as well remain positive influence on hypercholesterolemia, hyperglycemia, and 
hypertensia, which led to precision investigation and their implementation as phyto-
medicaments. The antioxidative properties set essential oil application as conserv-
ing and preservation in either food or cosmetic industry. Regarding food industry, 
essential oils have spread application, although maintaining preserving properties 
and extending food shelf life, their role in food is to obtain natural flavor as well. 

This manuscript reveals main active compounds in abovementioned plants which 
proved valuable interest in several year research of our team working at Belgrade 
University in Laboratory for High Pressure Processes of Faculty of Technology and 
Metallurgy (FTM), developing analytical chromatographic methods for their confir-
mation and quantifications at Department of Organic Chemistry FTM. Furthermore, 
several extraction methods were applied and compared to improve the yield of valu-
able biological active compounds including hydrodistillation, extraction with 
organic solvents, and supercritical CO2 extraction. The obtained essential oils have 
been quantified, identificated, and correlation within active compounds and revealed 
and proven activity have been estimated and observed. Moreover, achieved opti-
mized yield of essential oils with bioactive constituents was further addressed for 
their potential industrial application. 

8.2  Biological Active Constituents of Essential Oils 

The various plants are used from ancient times, primarily as a food, than spices, and 
as medicaments in alternative medicine. Their biological properties and application 
are usually known but nowadays, the requests of medicinal devices and industrial 
application of plants and their isolates in commercial medicine, cosmetic, and food 
industry require the proven bioactivity of phytopreparations with their exact quanti-
fication of composition. Especially since synthetic medicaments revealed negative 
side effects, the main attention based on “green technology” was focused on the 
preparations of bioactive compounds from plants using modern techniques of isola-
tion without the use of organic solvents for their isolation. Moreover, the topic of 
commercial and official application nowadays in industry is based on proved 
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bioactivity toward exact constituents, their quantity, formulation, and pathways of 
activity which can provide benefits with their implementation for wide usage. 

The chemical composition of essential oils in plants is different, consists of polar 
and nonpolar compounds, with some major compounds responsible for biological 
activity. The chemical constituents can be in different quantity in essential oils, 
although very often they can interact and create synergistic effect resulting in stron-
ger bioactivity. Regarding complex structure of essential oils, manifested bioactiv-
ity is under consideration whether it is from major bioactive compound or from 
synergism activity of many bioactive compounds. Terpenes and aromatic com-
pounds are usually low molecular weight constituents of essential oils, while mono-
terpenes represent the main content of essential oils. 

The chemical composition of essential oils depends on applied extraction meth-
ods and performed specific conditions of extraction, and therefore, by choosing and 
optimizing them is related to their specific application with certain biological activi-
ties. The active compounds of attractive plants in our investigation were presented 
in the Table 8.1.

Every plant is known to possess a wide range of biological activities related to 
their constituents. Their isolates consist of many different compound classes, among 
which the most common are terpenes and phenolic compounds, their aldehydes, and 
esters. Traditional application of plants uses whole plant, while official application 
maintains achievement and knowledge of major bioactive compounds, which can be 
isolated in higher yield with purpose of their more effective application. Achieving 
extracts abundant in major bioactive compounds is the challenge of nowadays tech-
nology processes and their more effective application in the industry. Classifications 
of major bioactive compounds in some plants with exact mechanism of activity lead 
to optimization of extraction methods which can obtain their higher content with 
more effective application and activity. According to the purpose of application of 
essential oils, specific biological activity which should remain, extraction of indi-
vidual group of compounds was estimated. 

“Fenugreek seeds” (Trigonella foenum-graecum L.), is known as abundant 
source of steroidal sapogenins as the main precursor of steroidal hormones which 
are official in its use in the pharmaceutical industry. Besides steroidal sapogenins of 
highest importancy and official application value in industry, fenugreek seed 
remains natural abundant source of a high amount of protein, phytosterols, phytoes-
trogens, vitamins E and vitamin D, and minerals and essential amino acids. Obtaining 
extracts abundant in steroidal sapogenins is of commercial importance and eco-
nomic valuable requests in pharmaceutical industry. Synthetic synthesized steroidal 
sapogenins are not compatible as phytosapogenins, which have advantage in their 
application. Among several plants with a higher percentage of steroidal sapogenins, 
besides fenugreek, there is well known Dioscorea genus. The amount of steroidal 
sapogenins is higher in Dioscorea (1–8%), in addition to fenugreek (1–2%), while 
competitiveness of fenugreek gets advantage in its easier and faster cultivation and 
rapid growth (3–4  months) (Bogdanovic 2016b). Although steroidal sapogenins 
gain the most significant application as the main precursor of steroidal hormones, 
their application in lowering cholesterol, glycemia, and high blood pressure is 
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Table 8.1 Composition of active compounds in plants 

Plant Active compounds Literature 
Lemon balm, 
Melissa 
officinalis L. 

Phenolic compounds, flavonoids, phenolic 
acids, and tannins 

Bogdanovic (2016a) 

Fenugreek, 
Trigonella 
foenum-graecum 
L. 

Steroidal sapogenins and saponins (diosgenin, 
sarsapogenin, protodioscin, and yamogenin), 
phytosterols, phytoestrogens, trigonelline, 
vitamin E, and vitamin D 

Bogdanovic (2016b, 
2016c, 2020) 

Pomegranate, 
Punica granatum 
L. 

Unsaturated fatty acids, oleic acid, punicic acid, 
linoleic acid, linolenic acid, and phytoestrogens 

Đurđević (2017) 

Immortelle, 
Helichrysum 
immortelle 

Chlorogenic acid, phloroglucinol alpha-pyrone 
compound arzanol, sesquiterpenes (curcumene, 
selinene isomers, nerol derivatives, bisabolol 
isomers, etc.), flavonoid, coumarin, phenolic 
acid, acetophenone, and α-pyrone derivative 

Maksimovic (2013), 
Maksimovic et al. 
(2017), Tadic (2021a) 

Cannabis sativa Cannabinoids, omega-6, omega-3, essential 
fatty acids, and vitamin E 

Tadic (2021a) 

Sage, Salvia 
officinalis 

Monoterpenes (pinene, thujone isomers, 
1,8-cineole, camphor, and borneol), oxygenated 
sesquiterpenes (such as caryophyllene oxide 
and viridiflorol), diterpenes (manool, ferruginol 
isomers, and carnosol derivatives) 

Glisic (2010, 2011), 
Maksimovic (2013), 
Djarmati (1991), 
Menaker (2004), El 
A. Hayouni (2008) 

Wild bilberry, 
Vaccinium 
myrtillus L., 
Ericaceae 

Anthocyanin, phenolic acids (chlorogenic being 
the most abundant), flavonoids (isoquercetin in 
the highest amount), and resveratrol in leaves 
extract, while in seeds oil the essential ω-3 and 
ω-6 fatty acids were determined in favorable 
ratio, almost being 1, vitamin E 

Tadic (2021b) 

Oregano, 
Origanum 
vulgare L. 

Eugenol, carvacrol and thymol, thymoquinone, 
eugenyl acetate, and trans-caryophyllene 

Ivanovic (2011), 
Morshedlooa (2018)

getting more attention as well. Beneficial effects on regulation of glycemia, cardio-
vascular system, high blood pressure, and cholesterolemia lead to phytoprepara-
tions for its applications in health protection. Within steroidal sapogenins there are 
several significant, as diosgenin, protodioscin, sarsapogenin, yamogenin, tigogenin, 
etc. (Bogdanovic 2020). 

Diosgenin represents the most known and significant within them, according to 
its best possibility as the main precursor of steroidal hormones. It is also the most 
significant precursor in synthesis of steroidal drugs such as estrogen, progesterone, 
testosterone, contraceptive agents, and corticosteroids with high value and place 
taking in pharmaceutical market and industry. The therapeutical effect of steroidal 
sapogenins is well known: they possess anticancer, hypocholesterolemic, hypogly-
cemic, hypotension, and antidepressant activities. Fenugreek seeds maintain their 
application as phytochemicals in hypolipidemic activity in decreasing the serum’s 
total cholesterol, LDL, VLDL cholesterol, and triglyceride levels in plasma. 
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Isolation of steroidal sapogenins from fenugreek seeds in the form of saponin gly-
coside requires pretreatment of seeds which include the process of deffating and 
acid hydrolysis of seeds followed by its extraction (Bogdanovic 2016b). 

Besides steroidal sapogenins, fenugreek seeds became valuable source in extrac-
tion of other biological active compounds, as vitamin E and vitamin D, followed by 
phytoestrogens, phytosterols, and saponins with known activity, ursolic and oleano-
lic acid saponins. Oleanolic and ursolic acids have bioactivity to reduce high blood 
pressure, hypocholesterolemic activity, and antitumor activity (Bogdanovic 2016c). 

Phytosterols contained in fenugreek seeds have been of importance due to their 
effect to lower cholesterol levels, their anti-atherosclerotic activity, and antioxida-
tive effect. 

Vitamin E according to its efficient antioxidant properties contained in fenugreek 
seed in a higher amount also represents the valuable source. It is used for the treat-
ment of osteoporosis and plays a protective role to multiple sclerosis, although, its 
application is well known for the treatment of skin disorders and known supple-
ments for newborn and maternity. 

Although fenugreek seed is also a valuable source of phytoestrogens and unsatu-
rated fatty acids, it finds its usefulness in food industry as famous spice of curry 
powder. As rich source of protein and vitamins and minerals, have been used as 
nutraceutical and supplement in food especially in poor countries and skinny kids. 
The fenugreek seed is known to enhance the quantity of milk during maternity; 
therefore, its application as supplement for increasing lactation in breastfeeding 
mothers is always a growing interest and request in human population. 

Another plant which is abundant in bioactive constituents for nervous disorders 
and psychological problems, exhibit relaxing in case of insomnia, anxiety, head-
ache, and vomiting, is lemon balm (Melissa officinalis L.). The use of lemon balm 
for nervous disorders and gastrointestinal disorders is approved by some official 
commissions for medical health such as German commission. Lemon balm is abun-
dant in phenolic compounds, phenolic acid, tannins, flavonoids, terpenoids, etc. 
(Bogdanovic 2016a). Some bioactive compounds of interest are contained in lemon 
balm such as, rosmarinic acid, ferulic, hydroxycinnamic and caffeic acid as pheno-
lic acids, eugenol as phenolic compound; geraniol, neral, citronellal, citral and 
citronellol, (E)-caryophyllene, cubebene, viridifloroas terpenes, and flavonoid com-
pounds as luteolin-7-O-glucoside, isoquercitrin, apigenin-7-O-glucoside, rhamnoc-
itrin (Bogdanovic 2016a). The listed compounds have represented calmative, 
gastric, antioxidative, carminative, antiseptic, and antimicrobial activity. The anti-
oxidative activity studied in hypolipidemic effect in lowering cholesterol have 
determined specific compound recognized as the carrier of hypolipidemic activity 
2-(3,4 -dihydroxyphenyl)-1,3-benzodioxole-5-aldehyde. Achieving extracts abun-
dant in target compounds with specific bioactive properties gained their more effec-
tive application in industry. 

Optimizing extraction processes and techniques obtained more effective applica-
tion of lemon balm in benefit of health. 

Anthocyanins are the main phenolic compound known to their beneficial proper-
ties in health effects, such as hypoglycemic and hypolipidemic activity, 
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cardiovascular disease treatment, and anti-inflammatory effect. Anthocyanins as 
promoters of antioxidant activity and reduction of oxidative stress are priceless in 
their application in human health. Wild bilberry (Vaccinium myrtillus L.) as abun-
dant source of anthocyanins takes attention for their extraction. Anthocyanins, 
besides other phenolic compounds, are the major constituent of the wild bilberry 
achieving their extraction in higher yields. Food supplements abundant in anthocya-
nins find their application in lowering cholesterol, lowering high blood pressure, 
lowering levels of glucose, and treating cardiovascular disease (Tadic 2021a). 
Besides anthocyanins, bilberry as a rich source of flavonoids, phenolic acids, tan-
nins reveal antioxidant properties and hypoglycemic activity (Tadic 2021a). Vitamin 
E is a well-valuable constituent of bilberry antioxidative properties and therefore, 
bilberry found increasing application in cosmetic and food industry. Skin prepara-
tions based on phenolic compounds which possess antioxidant activity are of inter-
est and requests in cosmetic and pharmaceutical industry. 

Lowering cholesterol and high blood pressure is connected to the constituents 
from plant Cannabis sativa L. (family Cannabinaceae). Cannabis has high level of 
proteins, carbohydrates, mine, fiber, tocopherols, carotenoids, and some phenolic 
compounds. The therapeutic potential of cannabinoids as anti-inflammatory and 
antibacterial activity, antiepileptic, anticonvulsive, antineurodegenerative, and anal-
gesic bioactivity has been of significant value. Application of cannabis oil have been 
known for eczema, dermatitis, psoriasis, lichen, and rosacea as dry skin conditions 
diseases, which is mostly due to the balanced content of polyunsaturated fatty acids. 
The pharmacological activities of cannabis have been attributed to the presence of 
cannabinoids. The main cannabinoid constituent is Δ9-tetrahydrocannabinol 
(Δ9-THC), while other important cannabinoids include cannabidiolic acid (CBDA), 
cannabidiol (CBD), cannabigerol (CBG), cannabichromene (CBC), cannabinol 
(CBN), cannabicyclol (CBL), and cannabidiol (CBND) (Fathordoobady et al. 2019, 
Tadic 2021a). Due to bioactive compounds of high value with a wide range of health 
benefits for humans, gaining extracts abundant in cannabionid compounds have 
been of interest and challenge. Efficient extraction which can afford maximal yield 
of cannabinoid from Cannabis can provide more efficient application in the food, 
pharmaceutical, nutraceutical, and cosmetic industry. 

The Helichrysum italicum, known as immortelle plant, found their application 
due to their antimicrobial, antioxidant, anti-inflammatory, and anti-allergic activity 
(Tadic 2021a). The bioactivity of immortelle is most found in application of skin 
disorders such as eczema, psoriasis, and inflammations of the skin. High content of 
phenolic acids and flavonoids found in immortelle are responsible for beneficial 
effect on skin disorders. Content of coumarin, chlorogenic acid, acetophenone, 
α-pyrone, and arzanol afforded most significant bioactivity of immortelle such as 
anti-inflammatory and antioxidative activity (Tadic 2021a). The activity of chloro-
genic acid has been of valuable application due to significant antioxidative proper-
ties which are manifested in decreasing lipid peroxidation. The topical application 
of immortelle extracts abundant in these bioactive compounds exhibited successful 
wound healing due to antioxidant potential.
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Sage, Salvia officinalis, has been noticed for a wide range of applications due to 
its significant antioxidant, antibacterial, hypoglycemic, antidiabetic, anti- 
inflammatory, fungistatic, virustatic, and antidiabetic properties. The essential oil 
yield varies from the 0.39 mass% to 2.7 mass%. The composition of essential oil is 
mostly contained of monoterpenes, sesquiterpenes, diterpenes, triterpenes, esters, 
and waxes. Essential oil is abundant mostly in oxygenated monoterpenes, while 
amount of diterpene compounds depends from origin of the plant. Due to the exhib-
ited bioactivity, the diterpenes are most valuable compounds as bearers of examined 
antioxidative properties (Glisic 2010, 2011). The major compounds present in 
essential oil are α -thujone, manool, carnosol derivatives, camphor, viridiflorol, and 
1,8-cineole. Extraction by supercritical process obtained extracts abundant in most 
antioxidative active compounds, diterpenes, carnosol derivatives (Glisic 2010). 

Punica granatum L., known as pomegranate, found their application in protec-
tion of cardiovascular diseases due to ability to reduce total and HDL cholesterol. 
Pomegranate found their roles in hormone therapy in menopause treatment, as con-
tent of phytoestrogens are abundant in plant. As well, anticancer properties of plant 
are proved due to regulation of the tumor suppressor gene. Pomegranate is applied 
in skin treatment, especially in mature and wrinkles skin due to their ability of revi-
talization. Pomegranate seeds are abundant in fatty acids 65–80% among which the 
most significant due to its bioactivity is punicic acid. Considering all the beneficial 
properties of the oil rich in fatty acids, this study focuses on its extraction from 
pomegranate seed. The microwave pretreatment of supercritical extraction of pome-
granate seeds obtained extracts were abundant in fatty acid content which was of 
interest according to the potential application of pomegranate seed oil in the treat-
ment of cardiovascular and skin diseases, type II diabetes mellitus, and cancer. 
Sixteen fatty acids were detected in the composition of extracts obtained from 
pomegranate seeds; polyunsaturated fatty acids were the principal fatty acid class in 
range of 84.3–86.1% of total fatty acids. The dominant fatty acid extracted from 
pomegranate seed was punicic acid (60.0%). The punicic acid as the principal in 
fatty acid content of pomegranate seeds has functional meaning in its extraction and 
application due to its biological properties and health beneficial effects. Besides 
punicic acid, obtained extracts contained high amounts of linoleic, oleic, palmitic, 
and stearic acid. Higher carbon content fatty acids including arachidic acid, behenic 
acid, and lignoceric acid were also present in pomegranate seeds oil samples but in 
low amount (Djurdjevic 2017). 

Wild bilberry fruits contain 15 major anthocyanins, a large group of water- 
soluble flavonoids that give fruits, consisting of anthocyanidin aglycones, which are 
formed as 3-O-glycosides attached by galactose, glucose, and arabinose. Fruits con-
tain fiber, vitamins, and minerals, and contains high levels of polyphenols, flavo-
noids, anthocyanins, and other components that exhibit significant bioactivities. 
Phenolic compounds contain molecules with at least one hydroxyl group attached 
to an aromatic ring with revealed bioactivity with recommendation for health 
improvement (Altiok 2022, Kerbstadt 2015, Yang 2011, Paes 2014, Tadic 2021b). 

Oregano (Origanum vulgare L.) is one of the most representative plants due to 
its significant bioactive components including phenolic glucosides, flavonoids, 
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sterols, triterpenes, and tannins (Morshedlooa 2018). Essential oil of oregano is in 
wide application in food supplementation according to the strong antioxidant, anti-
microbial, and antifungal activity (Sarikurkcu 2015). Significant bioactivity of 
oregano is correlated to the major compounds of content such as carvacrol, linalyl 
acetate, (Z)-α-bisabolene, (E)-βcaryophyllene, caryophyllene oxide, germacrene 
D, and elemol (Gulluce 2012). Chemical profile of oregano is abundant in com-
pounds of valuable bioactivity; the monoterpenoids were mainly consist of carva-
crol, linalyl acetate, p-cymene, γ-terpinene, trans-sabinene hydrate, (Z)-β-ocimene, 
and sabinene, while among the sesquiterpenoids (Z)-α-bisabolene, (E)-β- 
caryophyllene, caryophyllene oxide, germacrene D, elemol, and β-bisabolene were 
the most abundant compounds. The bioactive components were found in high 
amount in essential oil of oregano inducing significant bioactivity of oil in its appli-
cation. Some constituents were in dependence of species of oregano and harvesting 
year, such as methyl-eugenol, δ-3-carene, and p-cymene as well as oxygenated 
monoterpenes (Ivanovic 2011). 

8.3  Biological Activity of Essential Oils 

In regard to the proved bioactivity of essential oils and developed extraction meth-
ods, their implementation in industry and commercial markets has been more repre-
sented. Application of plants has been known from traditional use, although there 
was no exact mechanism of activity and functionality of extracts. Developed extrac-
tion processes and preparation of various formulations for wide commercial appli-
cation and production on global level has been performed. Nowadays, in commercial 
market there are plenty of supplements based on plants, which might be used in 
food and medical purposes. There are many official registered medicaments real-
ized in pharmaceutical industry such as Aspirin, Paclitaxel, and Vinblastine. Global 
market of essential oils is in constant increase representing the market value of 
US$700 million per year (Dima and Dima 2015). There are predictions that world-
wide essential oil market will cross 13 billion in the next year to the latest report of 
the Global Market Insights. According to consistence, mechanism of activity, func-
tionality, proved bioactivity and formulations, extracts found place in fragrances, 
cosmetics, food and supplement at global market as well as product of medical and 
pharmaceutical industry. 

The interest for some plants has been focused toward their bioactive constituents 
and their pharmacological bioactivity: lemon balm (Melissa officinalis), fenugreek 
(Trigonella foenum-graecum), pomegranate (Punica granatum), immortelle 
(Helichrysum immortelle), cannabis (Cannabis sativa), salvia (Salvia officinalis), 
wild bilberry (Vaccinium myrtillus), and oregano (Origanum vulgare). 

Lemon balm (Melissa officinalis) among many wide bioactive properties has 
found popularity as bioactive plant against psychological disorders according to the 
Tibetan medicine from ancient time. Therefore, application of lemon balm in 
medicinal use mostly represented in calmative effect for nervous disorders, in treat-
ment of insomnia, anxiety, hyperactivity, headache, melancholia, hysteria, and high 
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blood pressure. Gastrointestinal disorders as vomiting, colic, cramps, dysmenor-
rheal, and infections can be successfully treated with melissa. Hypolipidemic and 
hypotension effect of melissa have been recently in research and application due to 
its antioxidative effect in free radical reactions and lipid peroxidation. Obtaining 
essential oils and extracts with antioxidative effect and its application in lowering 
high cholesterol levels and high blood pressure was aim of further research 
(Bogdanovic 2016a, Shidvar 2019, Bolkent 2005). 

Fenugreek (Trigonella foenum-graecum) is the plant mostly used and known in 
Arabian countries, China, and India in first form as ingredient of spice carry and 
further due to its benefits of immunity of human health, promoting breastfeeding, 
nutrition satisfied, and benefits for either man or woman in their deficiency of hor-
mones. Nowadays, the advantage of fenugreek in human health has been investi-
gated in treating high blood pressure, high cholesterol levels in blood, diabetes, and 
impotency. The main goal was focused to obtain extracts with hypotension effect, 
hypochloremic activity, and hypoglycemic potential. Positive effect of fenugreek 
seeds on lipid serum levels and blood glucose was investigated with aim to define 
effective formulations for preparation and its application (Sharma 2014, Saadh 
2020, Bogdanovic 2016b, 2016c). The most attention is based on impotency pro-
moting supplements based on bioactive compounds of steroidal sapogenins which 
are steroidal precursor (Bogdanovic 2016b, 2016c, 2020). Supplements for impo-
tency based on fenugreek extracts found their place on commercial market world-
wide as steroidal sapogenins, mainly diosgenin are steroidal precursor. Many 
supplements for breastfeeding products contain fenugreek seeds which promote 
milk production caused by high level of phytoestrogens. Breastfeeding supplements 
are in the form of oriblets with fenugreek extract or in the form of tea (smashed 
fenugreek seeds). Fenugreek seed is still mostly used in the form of spice carry. 

Pomegranate seeds are globally known for its antioxidative properties. However, 
the pomegranate waste is in juice industry by-product and it is used as raw material 
containing desired unsaturated fatty acids and phenols (Basiri 2015, Djurdjevic 
2017). Waste is abundant in fiber, containing a high quantity of unsaturated fatty 
acids, phenolic content, phytoestrogens, vitamin E, and magnesium. Nowadays, 
there are more requests in human health for antioxidant supplements from natural 
sources, therefore extracts of pomegranate seeds found implementation in medical 
and food applications and are preferred by consumers than synthesized antioxi-
dants, such as BHA and BHT. 

Immortelle has been mostly used in skin disorders, respiratory and digestive dis-
orders, and fever (Acimovic 2022, Maksimovic 2013, 2023). Skin inflammations 
and wounds have been successfully healed by treatment of immortelle oil. Due to 
anti-inflammatory, antimicrobial, and antioxidant activity, this plant considered 
benefits in its use in cosmetic products which became most promising in commer-
cial application (Joze 2022, Maksimovic 2023). Skin treatment with immortelle oil 
has been gained popularity in its implementation. Phenolic compounds and terpenes 
have been responsible for bioactivity of immortelle oil. Insecticidal, antiallergenic, 
and anti-inflammatory effect of immortelle oil contributed in the treatment of aller-
gies, inflammation, and infections.
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Salvia remained synergistic effect with immortelle increasing bioactivity which 
recommended their application in dermatology disorders and treatment in skin 
hydration and antiaging wrinkles reduction (Maksimovic 2013). Salvia as aromatic 
plan approved antioxidant, antimicrobial, anti-inflammatory, and anticancer proper-
ties which diverse bioactivity was prescripted to the total polyphenolic compounds 
(Sidiropoulou 2022). The volatiles compounds, monoterpenes and sesquiterpenes, 
presented abundantly in plant are remained as main bearers of antioxidant activity 
which isolation and extraction from plant obtained increased activity. Mainly bor-
neol, camphor, and 1,8-cineole as constituents of salvia are mostly responsible for 
antiviral activity (Santoyo 2014). Fractions abundant in these groups of compounds 
had increased bioactivity promising efficiency in their implementation (Glisic 2010, 
2011, Maksimovic 2013, Aleksovski 2007). 

Cannabis is still not approved legally in most of countries for commercial use 
mainly due to its psychoactive properties. Meanwhile, as more countries have 
changed their laws for cannabis application in official and medical use, more and 
more investigations were performed regarding the extraction of active compounds, 
isolation, purification, and formulation in more efficient implementation. Terpenes 
and non-psychoactive cannabinoids are present in higher quantity, and due to their 
synergistic effects their implementation in cosmetic and skin products is recom-
mended. Topical cannabis implementation is mostly approved for skin disorders 
and treatment, such as dermatitis, eczema, itchy skin, systemic sclerosis, alopecia, 
acne, and antiaging skin care against wrinkles and for non-dermatologic conditions 
such as joint stiffness. In medicine implementation of psychoactive cannabinoid 
dominantly tetrahydrocannabinol (THC) was of interest treating several neuro and 
non-neuro disorders such as Alzheimer’s disease and Parkinson’s disease, neuro-
logical disorders as depression, epilepsy, anxiety, insomnia, as well in treatment in 
tumor disease (Jokic 2022, Pattnaik 2022, Tadic 2021a). Among cannabinoids 
potential bioactivity such as remained antioxidant, anti-inflammatory, and analgesic 
effects, the potential of cannabionoids in medicinal application has been recognized 
in its potential. Future clinical trials will obtain researches in its efficacy and safety 
in use (Pattnaik 2022, Tadic 2021a). 

Wild Bilberry with high levels of polyphenols, flavonoids, anthocyanins, and 
other components that reveal significant bioactivities found implementation in med-
icine and food industry (Tadic 2021b). Anthocyanins, flavonoids, and polyphenols 
with remained antioxidative properties proved benefits in human health and their 
application in medical and food industry (Altiok 2022, Paes 2014, Tadic 2021b, 
Gustinelli 2018). The anthocyanins reveal positive effect in the treatment of vision 
problems, Alzheimer’s disease, cardiovascular disorders, urinary disorders, and 
cancer. In regard to antioxidant properties, the fiber and vitamins of wild bilberry 
extract improve the overall health and immune system and have positive effect in 
the treatment of cardiovascular diseases, neuro disorders, and tumor disease 
(Altiok 2022). 

Oregano worldwide application in food and medical industry is mostly based on 
approved antiviral, anti-inflammatory, antimicrobial, and antioxidant activity 
(Ivanovic 2011, Busatta 2017, Santoyo 2014). Benefits of oregano on human health 
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have been used and applied mostly in treating urinary infections and common cold. 
Thymol and carvacrol as major constituents of oregano extracts are mainly respon-
sible for significant manifested bioactivity of oregano (Ocaña-Fuentes 2010). 
Oregano manifested increased antiviral activity as result of synergism effect with 
salvia. It is influence of borneol, camphor, and 1,8-cineole as constituents of salvia 
which are mostly responsible for antiviral activity (Santoyo 2014). Positive effect of 
oregano extracts in their antimicrobial activity revealed the inhibition of Helicobacter 
pillori growth. The antioxidant and antibacterial properties of oregano extracts 
revealed significant activity in treatment against persistent bacteria E. coli, 
Salmonella, and Klebsiella pneumonia (Stamenic 2014). Oregano remained antip-
roliferative activity in tumor cells of HeLa, positive treatment in the neurodegenera-
tive disorders, and prevention and treatment of atherosclerosis (Ocaña-Fuentes 
2010) (Table 8.2).

8.4  Extraction Methods of Plant Essential Oils 

Great effort is being dedicated to the investigation for more convenient, cheaper 
sources of natural phytomedicaments, which can be alternative to synthetic drugs 
(with plenty of side effects), as well as to the development and optimization of most 
efficient and convenient extraction techniques. Extraction with traditional tech-
niques and conventional solvents are characterized by low selectivity and high tem-
peratures, which could result in degradation of the desired compounds. Obtained 
extracts usually have solvent residues, which can be toxic and require purification 
and extended process of extraction which are more expensive and again can have 
some residue in traces which is not convenient in medicinal use. Therefore, a need 
for development of advanced and improved extraction techniques has been posted 
which will afford a higher selectivity, without toxic residues in obtained extracts for 
shorter time of extraction along with more economical process of extraction. 
Supercritical extraction (SCE) represents that advanced technique with ecological 
satisfied requests for medicinal use of obtained extracts according to the achieved 
clean extracts without toxic residues and no need for further purification and 
extended processes. SCE exhibit higher selectivity compared to conventional tech-
niques of extraction, achieving extraction of targeted bioactive group of compounds. 
Selectivity of SCE toward some specific bioactive groups of compounds can be 
modulated by changing extraction conditions (pressure and temperature). 
Optimization of SCE condition can be used for obtaining the “clean” extracts with 
specific biological active compounds for most convenient economical and time- 
satisfied process. According to easy and total separation of supercritical fluid from 
the extract achieved only by lowering pressure which release CO2 from extract, SCE 
presents type of extraction process which gave extracts without residual solvents. 
Such product of extraction is more convenient and safe for application in pharma-
ceutical, food, and cosmetics industry. 

The selection of extraction method influences quantity and quality of extracts 
which consequently correlate biological activities. The conditions of applied method 
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Table 8.2 Biological activity of selected plants 

Plant Bioactivity Literature 
Melissa officinalis L. Antioxidative, lipid lowering activity, 

antidiabetic, antihypertensive, anti- 
inflammatory, calmative 

Bogdanovic (2016a) 

Fenugreek seeds, 
(Trigonella foenum- 
graecum L.) 

Antioxidative, anti-inflammatory, lipid 
lowering effect, lowering blood glucose, 
antihypertensive, menopause treatment, 
impotency treatment-steroid precursor, 
antitumor 

Bogdanovic (2016b, 
2016c 2020) 

Pomegranate (Punica 
granatum L.) 

Cardiovascular and skin diseases, type II 
diabetes mellitus, and cancer, antioxidative, 
antitumor 

Đurđević (2017) 

Immortelle 
(Helichrysum 
immortelle) 

Antioxidant, antiviral, antimicrobial and 
antifungal behavior, and antiallergen agents, 
for the treatment of respiratory diseases and 
different skin disorders such as eczema, 
psoriasis, and inflammatory conditions of the 
skin, as well as for protection against lipid 
peroxidation caused by oxidative stress 

Maksimovic (2013), 
Tadic (2021a, b) 

Cannabis sativa Reduce cholesterol, high blood pressure, 
eczema, dermatitis, psoriasis, lichen planus, 
and acne rosacea, antifungal activity, 
antimicrobial activity 

Tadic (2021a) 

Salvia officinalis Antioxidant, antimicrobial, and anti- 
inflammatory properties of sage’s extract or 
sage essential oil 

Glisovic (2010, 
2011), Maksimovic 
(2013), Djarmati 
(1991), Menaker 
(2004), El 
A. Hayouni (2008). 

Wild bilberry, 
(Vacciniummyrtillus 
L., Ericaceae) 

Antioxidative, anti-inflammatory, lipid- 
lowering effect, lowering blood glucose, 
antitumor 

Tadic (2021b) 

Oregano (Origanum 
vulgare L.) 

Antioxidant, cure convulsive coughs, 
digestive disorders, menstrual problems, 
bronchitis and asthma, and frequently as a 
carminative, diaphoretic, expectorant, 
stimulant, anti-inflammatory and 
antimicrobial agent among other medical 
applications 

Ivanovic (2011), 
Morshedlooa (2018), 
Sarikurkcu (2015), 
Mozaffarian (2013)

of extraction could be directly correlated to the composition of bioactive compounds 
as, for example, content of terpenes and terpenoids, phenol-derived aromatic com-
ponents, and aliphatic components. Optimization of extraction condition also con-
tributes to more efficient and effective extraction process resulted in desired quality 
and higher quantity of essential oils. 

The chemical composition of essential oil depends also on the applied extraction 
method. The appropriate selection of extraction method is related to the further 
application of essential oil and its purpose in accordance to the biological activity 
and application in food, fragrance, repellent, and cosmetics of pharmaceuticals. In 
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food industry, more frequent isolation process of essential oil is given to the usual 
traditional techniques as hydrodistillation, steam distillation, or organic solvent 
extraction, while the supercritical extraction is favorable for application in pharma-
ceutical industry according to higher requests for quality of active compounds 
(Table 8.3).

Hydrodistillation is traditional and classical method from ancient times for 
extraction of essential oils from various plants. It is relatively simple extraction 
process based on the extraction of water-soluble compounds from plants. Regarding 
the boiling point of water during extraction process, which affords cycling of vapor 
and water during extraction of bioactive compounds, besides many extracted com-
pounds some of them potentially bioactive, can degrade at that temperature. 
Disadvantage of this traditional method is usually low yield and more complex 
separation of essential oils from not miscible water followed by lose some quanti-
ties of oils. In advantage of cheaper and simple equipment and simple process of 
hydrodistillation, a longer time of extraction process followed with low yield set up 
the new advanced methods for essential oil isolation. An organic solvent extraction 
took part in more applied extraction process as they achieve higher extraction yields. 
However, toxic solvent residues and need for purification of the extracts contributed 
to the higher costs and longer processes of organic solvent extraction. In regard to 
the residue of, for example, toxic solvents used for extraction (e.g., chlorinated 
hydrocarbons, even in traces after severe purification) in obtained extracts, make 
inconvenient extracts for medical use. Using environmental convenient solvents 
with safe use in medicine induced new extraction requests. The microwave-assisted 
extraction and extraction using ultrasounds present advanced methods which can 
reduce the extraction time and increase the extraction yield, and therefore, these 
methods are applied and used as pretreatment in extraction process. The microwave 
and ultrasound pretreatment cause break of the cell structure of the vegetable mate-
rial and easier and rapid release of different compounds during extraction process. 

Supercritical extraction remains advanced process of extraction which satisfied 
environmental impact for safe use of extracts in human health. This advanced 
extraction process achieved higher yields, shorter time of extraction, and selective 
extraction toward specific group of bioactive compounds. In order to improve 
extraction process for safer implementation in medicine, the supercritical CO2 
extraction (SCE CO2) uses CO2 as convenient and safe fluid in supercritical state as 
extraction solvent (supercritical conditions are pressure and temperature above crit-
ical conditions of CO2). Carbon dioxide at this state is supercritical fluid, where is 
no exact difference within the liquid and the gaseous state of CO2, extragent- 
supercritical fluid possesses properties of both liquid (density) and gas state (viscos-
ity and diffusivity). Regarding the advantages of supercritical CO2 as chemically 
inert, nontoxic, low cost, its implementation in extraction processes of bioactive 
compounds from essential plants is safe, economical, and environmentally satisfied. 
Supercritical extraction affords clean extracts from plants without toxic resides 
which make them convenient in food and medical industry. There is no need for 
further purification inducing shorter time of extraction with lower costs and eco-
nomical process.
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Table 8.3 Extraction methods of essential oils of selected plants 

Method 
Description of the 
method Advantages Disadvantages Literature

Hydrodistillation Plants are soaked in 
the water and 
heated until boiling. 
The water and 
compounds from 
plant evaporates, 
pass through a 
condenser, and 
recovered in boiling 
flask again as a 
liquid. Cycling of 
the water in boiling 
and evaporation 
collects and extracts 
vapor compounds 
from plant. 

Easy and cheap 
method, easily 
applied and 
common. 

Overheating 
induces 
degradation of 
some 
thermolabile 
bioactive 
compounds 
time, low yield, 
low extraction 
time, loss of 
polar molecules 
due to the use 
of water and 
harder 
separation. 

Bogdanovic 
(2016a), 
Stamenic 
(2014) 

Organic solvent 
extraction 

The plant material 
is mixed with an 
organic solvent to 
the boiling point for 
some hours, 
extracting 
compounds from 
plant material 
(ethanol, hexan, and 
chloroform). Then 
the organic solvent 
is evaporated under 
vacuum. 

Higher yield of 
extracted 
compounds, 
especially 
nonpolar, adding 
water to ethanol 
can induce higher 
extraction rate of 
polar compounds 
either 

Purification and 
quality of 
extraction due 
to residue toxic 
solvents, long 
time of 
extraction and 
purification of 
organic solvent, 
more expensive 
process due to 
organic solvents 
and 
purifications 

Bogdanovic 
(2016b, 
2016c)

(continued)
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Table 8.3 (continued)

Method 
Description of the 
method Advantages Disadvantages Literature

Supercritical 
extraction 

Plant material is 
placed in a reactor 
vessel and extracted 
under process 
condition of 
optimized pressure, 
temperature, and 
flow of supercritical 
CO2. The bioactive 
compounds are 
extracted in 
supercritical CO2 
and collected from 
vessel in clean 
extract, while CO2 
is separated as a gas 
in edition of 
temperature and 
pressure 

Fast process, 
nontoxic, green 
chemistry 
extraction 
process, 
obtaining clean 
and safe extracts 
for 
pharmaceutical 
and cosmetic 
requests, 
selectivity, 
efficient 
extraction of 
nonpolar 
compounds, 
possible 
optimization in 
obtaining higher 
yield of specific 
target bioactive 
compounds 

Equipment 
investment, 
favorable 
nonpolar 
compounds 
extraction, more 
complex 
processing with 
equipment 

Tadic (2021a, 
b), 
Djurdjevic 
(2017), 
Maksimovic 
(2013, 2023), 
Bogdanovic 
(2016a, 
2016b), 
Ivanovic 
(2011), Skala 
et al. (2002) 

Microwave- 
assisted 
extraction 

The samples are 
mixed with water 
and heated in a 
microwave oven 
previous to the 
other method of 
extraction which 
can be 
hydrodistillation, 
organic solvent or 
supercritical, 
extraction 

The plant 
material in this 
pretreatment is 
well mixed and 
stirred, allows 
better extraction 
of compounds 
from plant 
material 

Increased 
nonselectivity 
extraction, 
extraction of 
unwanted 
compounds 

Djurdjevic 
(2017), 
Glisic (2011)

Selection of extraction method should produce extracts with valuable source of 
bioactive compounds from plant material. Extraction and separation methods should 
consider experimental conditions, achieved yields, number of identified compounds, 
isolation of specific compound, or group of compounds with significant bioactivity, 
time of extraction, quality of extracts, and economical satisfaction. The biological 
activities of extracts are usually screened and distinct in regard to applied conditions 
of extraction methods. Relation of biological activity of extracts and applied extrac-
tion methods gave insights in choosing more convenient method for extraction. 
Choosing preferable extraction method is related to the quality and achieved yield 
of extracts.
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Melissa officinalis Extraction of essential oils from lemon balm was mostly real-
ized by classical methods of extractions (hydrodistillation), which is followed by 
low yield of essential oils. In addition to the classical methods, the conventional 
methods of extraction gained increased use such as supercritical carbon dioxide 
extraction, liquid CO2 extraction, and microwave-assisted extraction. The advantage 
of supercritical extraction is mainly in its selectivity and ability for specific bioac-
tive compounds isolation. The two-step CO2 extraction was applied with the pur-
pose to achieve extraction of essential oil in the first step of extraction at 10 MPa 
and 40 °C, and extracts in the second step of extraction at 30 MPa and temperature: 
25 °C, 40 °C, and 100 °C. The achieved yield was higher in second step of extrac-
tion at higher temperature and pressure, while chemical profile of obtained extracts 
and extracted compounds was very different. In the first step of extraction, monoter-
penes and sesquiterpenes were mostly separated, while in the second step of extrac-
tion isolated compounds with greater molecular mass such as heavy alcohols and 
waxes, and phenolic compounds as eugenol and thymol. According to DPPH anti-
oxidant activity of obtained extracts, the extracts obtained in the supercritical 
extraction at 30 MPa/40  °C and 30 MPa/100  °C revealed the highest activity. A 
higher antioxidant activity is a result of larger amount of heavier compounds (diter-
penes and heavy alcohols) or increased amounts of thymol and eugenol 
(Bogdanovic 2016a). 

Fenugreek Supercritical extraction was applied to obtain a maximal yield of 
extracts with the highest content of steroidal sapogenins as steroidal precursor and 
important pharmaceutical bioactive compounds in supplements for impotency as 
well as for hypolipidemic activity. The definition of optimal conditions for maximal 
contents of diosgenin as main representative and other steroidal sapogenins as sar-
sasapogenin, protodioscin, as well as oleanolic and ursolic acid sapogenins in 
obtained extracts was valuable in fenugreek application and implementation in 
commercial market. Optimal process conditions determined for achieving maximal 
extract yield and the content of steroidal sapogenins were 24.7  MPa and 
38.15 °C. Separation of steroidal sapogenins from fenugreek plant material requires 
(previously mentioned) pretreatment of seeds prior to applied extraction (defatting 
and subsequent hydrolysis process). The pretreatment to the supercritical extraction 
remains acid hydrolysis, which leads to release of steroidal sapogenins bound from 
sugar chains in plant, while the defatting step enables obtaining more pure and qual-
ity SC-CO2 extract. The maximum yield of isolated diosgenin from plant as main 
steroidal precursor of commercial value was about 1.3% of total extract (Bogdanovic 
2016b, 2020). 

Obtaining extracts abundant in phytosterols, vitamin E, and vitamin D was of 
interest as well. The optimal supercritical extraction conditions for achieving the 
maximal yield of valuable active compound such as phytosterols (16.28%), vitamin 
E (1.44%), and vitamin D (0.71%) were at slightly lower pressure (22.8–24.8 MPa) 
and temperature (39.9–42.0 C) (Bogdanovic 2016c).
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Pomegranate The microwave pretreatment of seeds followed by supercritical 
extraction estimated benefits in increased yield, although in positive influence on 
profile and quantity of fatty acid content. Microwave pretreatment was performed at 
conditions of 100, 250, and 600 W during 2 and 6 min prior to the supercritical 
extraction. Classical method of solvent extraction with n-hexane in Soxhlet appara-
tus was performed in addition to supercritical extraction. Maximal oil yield with 
previous microwave pretreatment in n-hexane extraction (36.3%) was obtained with 
microwave radiation of 600 W for 6 min, while for SC CO2 extraction the maximal 
oil yield (27.2%) was with 250 W for 6 min. Punicic acid, representative among 
fatty acids due to revealed bioactivity, was the most abundant fatty acid in pome-
granate seed oil (>60%). Microwave pretreatment with supercritical extraction 
achieved increased yield of extracts, followed by the valuable profile and amount of 
fatty acids which are recommended in potential application in the treatment of car-
diovascular disease, atherosclerosis, hyperlipidemia, diabetes, and tumor 
(Djurdjevic 2017). 

Immortelle It represents abundant source of bioactive compounds, such as ter-
penes and phenolic compounds. Investigation and defining the conditions for extrac-
tion and separation of bioactive compounds from immortelle, as well as for maximal 
yield and number of bioactive compounds were performed at different pressure 
(9–26 MPa) and temperature (40–60 °C) and compared to the yield and composi-
tion of extracts. Average selectivity was achieved toward monoterpenes, sesquiter-
penes, and diterpenes presented in immortelle plant, under these conditions. Similar 
composition profile in extracts was obtained by hydrodistillation. Immortelle is pri-
marly abundant in sesquiterpenes such as curcumene and selinene isomers, nerol 
derivatives, and bisabolol isomers (Maksimovic 2013, 2023). Performed supercriti-
cal extraction with simultaneous extraction of sage and immortelle proved increased 
extraction and separation in either yield or amount of bioactive compounds confirm-
ing and revealing synergism of these two plants (Maksimovic 2013). 

Cannabis The supercritical extraction is increased request as “green” and selective 
extraction method for extraction of cannabinoids and terpenes from industrial can-
nabis. The optimized supercritical conditions were defined in two ranges of pressure 
and temperature, to perform maximal solubility of specific cannabinoids and ter-
penes and their separation in obtained extracts (Tadic 2021a). Extraction of non- 
psychoactive cannabinoids in CO2 compared to psychoactive cannabinoids THC 
extraction was estimated. The lower temperatures were more efficient for good 
solubility of non-psychoactive cannabinoids, while higher temperature was more 
convenient for psychoactive cannabinoids (THC) extraction. The optimal condition 
for maximal yield of extract was determined at 40 °C and 30 MPa. The first fraction 
of supercritical isolate was collected at 10 MPa and 40 °C, which contains mainly 
biological active volatile compounds recommended for application in cosmetic and 
food industry.
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Wild bilberry Supercritical extraction has been used to improve extraction of 
valuable bioactive compounds from wild bilberry (total phenolics, tannins, and fla-
vonoids). The bilberry was pretreated with ethanol as cosolvent promoting super-
critical extraction of polyphenolic compounds. The most efficient extraction 
condition was estimated at 30 MPa and 40 °C, gaining the highest yield and most 
effective extracts (Tadic 2021b). 

Sage (Salvia officinalis) The supercritical extracts were collected during extraction 
of bioactive compounds from sage, mainly diterpenes and sesquiterpenes which are 
responsible for antioxidant activity. Fractional extraction of plant at 10  MPa 
obtained extraction of lower molecular compounds, monoterpenes and oxygenated 
monoterpenes, while extraction at 15 MPa and higher pressure achieve extracts with 
higher molecular compounds such as diterpenes, mostly responsible for bioactivity 
(Glisic 2010). The fractional supercritical extraction with prior ultrasound pretreat-
ment (USP) to SCE was also performed with the aim to promote extraction of higher 
molecular compounds (Glisic 2011). The sugars were isolated during USP, while 
extracts obtained after SCE were abundant in diterpenes and sesquiterpenes. 
Extracts obtained by USP and SC were compared to the essential oil obtained by 
hydrodistillation, revealing the most strongest antioxidant activity of supercritical 
extract. The diterpenes and sesquiterpenes from supercritical extract revealed higher 
activity in addition to the monoterpenes and sesquiterpenes from essential oil by 
hydrodistillation (Maksimovic 2013). 

Oregano Supercritical extraction is analyzed with a goal to obtain the maximal 
yield of bioactive compounds which are bearers of antioxidant, antibacterial, and 
antiviral activity (Ivanovic 2011, Stamenic 2014). The fractional two-step CO2 
extraction at supercritical conditions was exhibited, the same applied as in the case 
of extraction of melissa. The first fraction collected during extraction represented 
the essential oil of oregano, while the second fraction was collected at 30 MPa and 
100 °C containing the most effective antioxidant activity. Essential oil and extract 
obtained by supercritical extraction were compared to the essential oil obtained by 
simple hydrodistillation. Extract obtained by supercritical extraction has a higher 
antioxidant activity than essential oil collected after hydrodistillation. Furthermore, 
the supercritical extract showed also strong antibacterial activity toward staphylo-
cocci, including MRSA strain. 

8.5  Industrial Application of Essential Oil and Bioactive 
Compounds from Plants 

Plants have been used from ancient times as spices, food, medicaments, fragrance, 
preservative, insecticide, and massage. In addition to the previous use, nowadays 
application requires approved activity, exact mechanism of activity, most efficient 
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method for obtaining bioactive compounds, optimization of extraction method, 
design of economical processes, and ecological satisfaction with most required 
quality and quantity of obtained isolates (essential oils, extracts, etc.) (Bogdanovic 
2022). There is an increasing request for implementation of isolate from plants in 
the food, pharmaceutical, and cosmetic industry. The increasing interest for imple-
mentation of plants is due to their less side effects which might possess synthetic 
products, and due to their less-harmful residue of toxic chemicals. Essential oil and 
extracts from plant gained popularity due to biological properties with great variety 
in their content which manifested potential benefit of activity. Benefit of natural 
products in addition to the synthetic products is in their biocompatibility and in the 
meantime higher manifested bioactivity. As there is increased demand for imple-
mentation of natural products from consumers, industry must fulfill the requests of 
market and to secure stable and economical production based on optimized and 
efficient processes of production. Furthermore, produced extracts must be insecure 
as it depends on cultivation, which can be slow growth, low yield, severe conditions 
for growth of some plants, difficult handling of isolation processes to obtain natural 
products followed by satisfied quality and quantity. Industrial implementation of 
investigated plants was performed and obtained in optimized procedures, with most 
convenient methods with defined formulations of natural products in most effective 
sight, which is represented in Table 8.4.

8.5.1  Application in Pharmaceutical and Medical Industry 

The recent increase in the demands for phytochemicals alternative medicines, com-
pared to conventional therapy of synthetic medicaments, has contributed more 
research and investigation and many officially registered phytopreparations for the 
treatment of various health issues and disorders. The different manifested activity of 
extracts from plants are in relation to the specific bioactivity of some group of com-
pounds in their content, which can be influenced by method of extraction and 
applied process conditions. Bacteria resistance to antibiotics resulted in requests for 
alternative antibacterial products from plant, among which, the oregano, the fenu-
greek seed, the wild bilberry, the sage, and melissa exhibited significant activity. 
Antioxidant activity as exhibited in fenugreek, oregano, melissa, pomegranate, and 
cannabis is in increased demand for lowering high cholesterol levels and high blood 
pressure. Extracts of fenugreek, melissa, pomegranate, and wild bilberry found 
implementation at market as drugs or supplements due to the hypoglycemic effect 
on diabetic, lowering levels of glucose. Anti-inflammatory activity of cannabis and 
immortelle resulted in cream preparation for skin hydration, antiaging treatment, 
and skin disorders such as eczema, psoriasis, cream for lichen, cream for acne rosa-
cea, and antifungal activity cream. Used directly or included in drug formulations, 
oregano extracts are required for their pharmacological effects on the urinary sys-
tem benefits and urinary inflammations.
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Table 8.4 Industrial application of plants 

Plant Literature 

Spices Food industry 
Cosmetic 
industry 

Pharmaceutical 
industry

Melissa 
officinalis L. 

Food 
ingredient, 
tea 

Calmative tea, 
menopause 
treatment 

Essential oil, 
fragrance for 
perfume, 
repellent 

Skin cream, 
supplements 
for reducing 
cholesterol, 
supplements 
for reducing 
high pressure, 
supplements 
for diabetes 

Bogdanovic 
(2016a) 

Trigonella 
foenum- 
graecum L. 

Curry 
powder 

Nutraceutical 
supplement, 
impotency 
supplements, 
promoting 
breast milk 
feeding 
supplements, 
treatment for 
menopausal 
disorders, 
antidiabetic, 
lowering 
cholesterol, 
lipids levels 
supplements 

Phytoestrogen 
preparation, 
skin cream 
recover 

Steroidal 
hormones, 
supplements 
for reducing 
cholesterol and 
high blood 
pressure, 
supplements 
for diabetes 

Bogdanovic 
(2016b, 
2016c, 2020, 
2022) 

Punica 
granatum L. 

Antioxidative 
supplements 

Skin cream, 
antiaging 
cream, acne 
reduce tonic, 
eczema cream 

Supplements 
for lowering 
cholesterol 

Đurđević 
(2017) 

Helichrysum 
immortelle 

Antiaging 
cream, 
essential oil in 
massage, 
fragrances for 
perfumes 

Antiallergen 
agents, 
treatment for 
respiratory 
diseases, cream 
for skin 
disorders such 
as cream for 
eczema, 
psoriasis, and 
inflammatory 
conditions of 
the skin 

Maksimovic 
(2013), Tadic 
(2021a, b)

(continued)
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Table 8.4 (continued) 

Plant Literature 

Spices Food industry 
Cosmetic 
industry 

Pharmaceutical 
industry

Cannabis 
sativa 

Supplements 
for reducing 
cholesterol and 
high blood 
pressure, 
eczema cream 
for skin, cream 
for dermatitis, 
cream for 
psoriasis, 
cream for 
lichen planus, 
and cream for 
acne rosacea, 
antifungal 
activity cream 

Tadic 
(2021a) 

Salvia 
officinalis 

Tea Antimicrobial 
liquid for 
teeth 

Antimicrobial 
oriblets for the 
neck 

Glisovic 
(2010, 2011), 
Maksimovic 
(2013), 
Djarmati 
(1991), 
Menaker 
(2004), 
Hayouni 
(2008) 

Wild 
bilberry, 
Vaccinium 
myrtillus L., 
Ericaceae 

Odor 
addition 
for food 

Supplements 
for lipid 
lowering 
effect, 
supplements 
for lowering 
blood glucose 

Tadic 
(2021b)

(continued)
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8.5.2  Application in Cosmetic Industry 

Extracts of melissa, wild bilberry, pomegranate and immortelle are used as fra-
grances and perfumes for various cosmetic products, soaps, shampoos, conditioner, 
perfumes, and antiperspirants. Skin cream for hydration and antiaging effect con-
tains immortelle essential oil. Antiaging ability is related to the antioxidant activity 
which reduces free radicals in skin aging. Cannabis oil is more frequent ingredient 
of cosmetic products, for skin hydration as well as for pharmacological preparation 
for skin disorders as well as immortelle and melissa due to their antioxidant, antimi-
crobial, and anti-inflammatory properties. Melissa and immortelle are also ingredi-
ents of repellent products due to their insecticidal essences. 

8.5.3  Application in Food Industry 

Antioxidative and antimicrobial properties of extracts from plants found implemen-
tation in food as preservatives, extending the storage stability of the food and inhib-
iting microbial growth and protecting food from oxidation. The extracts added to 
the food contributed to its taste too.

Table 8.4 (continued)

Plant Literature 

Spices Food industry 
Cosmetic 
industry 

Pharmaceutical 
industry

Origanum 
vulgare L. 

Essential oil Essential oil 
for convulsive 
coughs, 
digestive 
disorders, 
menstrual 
problems, 
bronchitis and 
asthma 
diaphoretic, 
expectorant, 
stimulant, 
anti- 
inflammatory 
and 
antimicrobial 
agent, oriblets 
for urinary 
infections 
(Palisept) 

Ivanovic 
(2011), 
Morshedlooa 
(2018), 
Sarikurkcu 
(2015), 
Mozaffarian 
(2013)
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8.5.4  Application as Flavors and Fragrances 

The melissa essential oil has valuable market price and the highest production 
requests worldwide. Essential oil of melissa is in use of perfumes, cosmetic, mas-
sage oil, while in medical purpose it has mainly calmative activity. Fenugreek is 
primarily used as spice and main ingredient of well-known ingredient in carry, with 
prior heritage in Indian food. Milled fenugreek seeds are part of content in medical 
supplement for promoting breastfeeding at mothers. Extracts from fenugreek is 
used as supplements for decreased impotency in men. Wild bilberry extracts are 
used as flavors in beverages, candies, gelatins, and food products. Sage, melissa, 
and immortelle are used in oral care products, as part of chewing gum or cleaning 
and refreshing products. Immortelle and melissa are often represented in perfume 
industry due to their bioactive volatile compounds with fragrances. 

8.6  Conclusion 

Use of various plants for producing so-called natural products are significantly inte-
grated in the industry and global market due to their properties related to the anti-
oxidant, antibacterial, anti-inflammatory, and antiviral activity. In addition to the 
synthetic products, biocompatibility of phytopreparations due to their nature con-
tributes to a higher efficiency of their activity and implementation. In regard to the 
unsecure controlling growth conditions of plant, seeds, rise, and germination, the 
exact procedure of production methods for obtaining desired quantities of plants are 
one of requests defined by market demands. Furthermore, chosen methods for 
extraction and their optimization to satisfy quality and quantity of extracts and vali-
dation and standardization methods for development of plants and extracts taking 
into account their content of bioactive compounds for industry production and 
implementation is in increasing demand. The global market is going to prepare, in 
the close future, the new requests for plant applications and industrial production 
and commercialization of various natural products from plant material. 
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9 Application of Microbial Consortia 
and Biofertilizer to Improve the Quality 
and Yield of Essential Oils in Aromatic 
Plants 

Weria Weisany, Esmail Khosropour, and Ayda Alavian 

Abstract 

The use of microbial consortia and biofertilizers has emerged as a promising 
approach for enhancing the yield and quality of essential oils in aromatic plants. 
This strategy leverages the bene�ts of microorganisms such as arbuscular mycor-
rhizal fungi (AMF) and plant growth-promoting rhizobacteria (PGPRs) to 
improve plant growth and the production of secondary metabolites. However, 
achieving optimal results also requires consideration of environmental factors 
such as light, temperature, humidity, and soil fertility, as well as appropriate 
cultivation techniques. Innovative systems such as aeroponic and hydroponic 
systems, as well as micropropagation, can provide even more favorable growth 
conditions for medicinal plants, resulting in the production of high-quality bioac-
tive substances. Implementation of this approach has signi�cant implications for 
the pharmaceutical and herbal industries, as well as for overall health and well-
being. By leveraging the bene�ts of microbial consortia and biofertilizers, we 
can enhance the sustainability and productivity of agricultural practices while 
also promoting a healthier and more natural approach to medicine. 
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9.1  Introduction 

Throughout history, medicinal plants have been an important source of therapeutic 
agents for treating various ailments and diseases, including diarrhea, fever, colds, 
and malaria. This has been highlighted by several studies, such as Dambisya and 
Tindimwebwa (2003); Ghiaee et  al. (2014), Mathens and Bellanger (2010), and 
Titanji et al. (2008). The increase in population and the consequent rise in human 
needs to meet their needs has caused humans to exploit resources and facilities dur-
ing the last century with the help of new technologies and relying on low-cost natu-
ral resources. The world’s growing population will lead to several advancements, 
resulting in increase in food production during recent decades. Meanwhile, plant 
nutrition plays a key role in significantly increasing food supply (Mukhopadhyay 
et al. 2021). Increasing plant production has become possible through the use of 
man-made commercial fertilizers. Sustainable agriculture is a system that, while 
enjoying economic dynamism, can improve the environment and optimal use of 
available resources, and also play a significant role in providing human food needs 
and improving the quality of life of human societies. In addition, sustainable agri-
culture by observing the principles of ecology can increase the efficiency of resource 
use while creating a balance in the environment and provide a basis for productivity 
for a longer period of time (Polukhin and Panarina 2022). In sustainable agriculture, 
in addition to emphasizing on reducing the consumption of synthetic chemicals and 
pesticides, crop rotation, organic fertilizers, plant residues and agricultural wastes 
are used as a substitute for some of the chemical fertilizers, and the use of fertilizers 
is also optimal according to the plant’s needs and production potential 
(Mukhopadhyay et al. 2021). In this way, the amount of damage or negative effects 
for natural resources and the environment will be reduced to a minimum. Long-term 
studies show that excessive use of chemical fertilizers reduces the performance of 
agricultural and medicinal plants. This reduction is due to soil acidification, reduc-
tion of soil biological activities, loss of soil physical properties, and absence of 
micronutrients in K, P, N fertilizers. In many cases, the use of chemical fertilizers 
causes environmental pollution and ecological damage, which also increases the 
cost of production. In order to reduce these risks, resources and institutions should 
be used that, in addition to providing the current needs of the plant, also ensure the 
sustainability of agricultural systems in the long term. 

By producing humus, organic fertilizers reduce the adverse effects of chemical 
fertilizers and increase the efficiency of fertilizer use (Khosropour et  al. 2023). 
Sustainable agriculture in the form of combined use of chemical and organic fertil-
izers as a suitable solution for the development of sustainable agriculture during the 
transition period from conventional agriculture to sustainable agriculture is effec-
tive for producing agricultural products and maintaining plant performance at an 
acceptable level (Khosropour et al. 2023). Organic materials are one of the impor-
tant elements of soil fertility due to their beneficial effects on the physical, chemi-
cal, biological, and fertility properties of the soil. Organic fertilizers increase the 
organic matter and pH of the soil, and due to the improvement of the chemical 
properties of the soil, such as cation exchange capacity and increasing the activity 
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of microorganisms and the amount of access to nutrients, they increase the fertility 
of the soil (Mukhopadhyay et al. 2021). 

Plants in nature are associated with a vast number of beneficial microorganisms 
such as endophytic or symbiotic bacteria and fungi. These microorganisms have a 
crucial role in maintaining the health, development, and productivity of plants, and 
also play a significant part in regulating the synthesis of various metabolites. The 
importance of this relationship has been emphasized in several studies, including 
Ezzati Lotfabadi et al. (2021), Panke-Buisse et al. (2015), Castrillo et al. (2017),  
de Vries et al. (2020), Brader et al. (2014), and Compant et al. (2021). 

Bioactive compounds, including carotenoids, essential oils, antioxidants, and fla-
vors, are often incorporated into food products to enhance their flavor, aroma, tex-
ture, and overall appeal while also improving their nutritional and health benefits. 
Recent research has suggested that the inoculation of arbuscular mycorrhizal fungi 
(AMF) can help optimize the production of these important biomolecules (Hazzoumi 
et al. 2015; Oliveira et al. 2015). The symbiotic relationship between plants and 
AMF has been shown to boost the production of secondary compounds, which can 
increase the value of the plant’s phytomass and its potential medicinal properties 
(Oliveira et al. 2013; Zitter-Eglseer et al. 2015). 

This chapter aims to provide an overview of the current knowledge on the inocu-
lation of AMF and PGPRs, their mechanisms, and their effects on the production of 
essential oils and bioactive compounds in aromatic plants. Additionally, this chapter 
highlights the benefits of using microbial consortia and biofertilizer management 
for enhancing the yield and quality of essential oils. Finally, the chapter identifies 
areas where further research is needed to gain a better understanding of the micro-
bial communities and their mechanisms. 

9.2  Biofertilizers 

Fertilizers are materials that are used to achieve maximum production per unit area. 
However, the use of fertilizers should be able to improve the quality of agricultural 
products in addition to increasing production, and while not polluting the environ-
ment, it should reduce the accumulation of nitrate pollutants in the consuming 
organs of crops to the minimum possible, so as to ensure the health of humans and 
animals (Kumar et al. 2022). In the last few decades, the use of chemical inputs in 
agricultural lands has caused many environmental problems, including the pollution 
of water sources, the decline in the quality of agricultural products and food, and the 
reduction of soil fertility. Based on this, paying special attention to agriculture from 
the point of view of sustainability in order to preserve the environment and meet the 
needs of society in terms of food is necessary and unavoidable, and paying attention 
to alternative systems has recently attracted a large number of studies (Fasusi et al. 
2021; Kumar et al. 2022). 

Today, with the increase in agricultural and horticultural production to meet the 
growing needs of the expanding population, concern has been raised about the 
future of providing food and green space for the people (Mahapatra et al. 2022). 
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Pollution of water, soil, air, and soil erosion, resistance of pests to poisons, and 
spread of chemical fertilizers caused us to go back to the past and industrial crops 
in order to preserve resources. So, to produce healthy and clean products and as a 
result, healthy and cheerful people, we have no other way than biological agricul-
ture (Dehsheikh et al. 2020). Considering the increasing demand for the consump-
tion of biological agricultural products, which is based on the proper management 
of the soil and the growth environment of plants and trees, it is done in such a way 
that the balance between the required elements in the soil is not disturbed in the 
nutrition of plants and trees. During growth, there is no need to use poisons and 
pesticides, and instead of using chemical fertilizers, natural fertilizers such as leaf 
soil, algae, and animal and biological fertilizers should be used to feed the agricul-
tural soil (Fasusi et al. 2021; Gurikar et al. 2022). If there is a need to fight against 
pests, instead of using chemical pesticides and poisons, biological methods such as 
effective microorganisms, ladybugs, bees and bacteria, or pest-resistant cultivars are 
used in cultivation, and in this type of agriculture, modified seeds are used (Kumar 
et al. 2022). Genetically modified and exposed to radiation is not used. From this 
point of view, the final product that reaches the consumer will be free of toxic and 
chemical residues and preservatives. On the other hand, quality food products, 
which are the product of biofertilizers, not only satisfy consumers, but also provide 
and guarantee their physical health (Gurikar et al. 2022). Advantages of using bio-
logical fertilizer are as follows:

 1. Increasing the amount of nutrients and soil organic matter, 
 2. Reducing the need to use chemical fertilizers, 
 3. Increasing the absorption power of food by plants, 
 4. Prevent soil erosion, 
 5. The sulfur in the fertilizer improves soil salinity (Chojnacka et al. 2020). 

Classification of biofertilizers according to the type of microorganisms:

 1. Bacterial biofertilizers (rhizobium-azotobacter-azospirlium), 
 2. Fungal biofertilizers (mycorrhiza), 
 3. Algal biofertilizers (blue-green algae and Azolla), 
 4. Actinomycetes biofertilizers (Frankia). 

9.3  Arbuscular Mycorrhizal Fungi (AMF) 

One of the most intricate ecosystems on earth is the soil. Fungus is an essential 
biotic element of the soil that also keeps the plant-soil healthy. Fungi and vascular 
plants may cooperate to improve soil quality, according to paleontological and evo-
lutionary evidence. Paleobotanists have demonstrated that these symbiotic connec-
tions before the development of terrestrial plants. They evolved alongside arbuscules 
in the Devonian period (400 Mya), hyphae and spores in the Ordovician period (460 
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Mya), and glomeromycota in the Ediacaran period (600 Mya). Primary associations 
in the soil environment are vesicular-arbuscular mycorrhizae (VAM), ectomycor-
rhizae (ECM), orchid mycorrhizae, ericoid mycorrhizae, ectendomycorrhizae 
(arbutoid), centianoid mycorrhizae, and monotropoid mycorrhiza. The endomycor-
rhizal association, one of the seven major types of mycorrhizae, is the most wide-
spread and may be found in all kinds of soil (Gujre et al. 2021). VAM are known as 
arbuscular mycorrhizal fungi, or AMF, because they produce arbuscules and vesi-
cles. AMF assists in nutrient balancing and enhances the efficiency of the soil sys-
tem. It reproduces by means of small, multinucleate, asexual spores, the quantity of 
which is greatly enhanced by the mycelium. With the aid of AMF diversity, biodi-
versity, ecosystem variability, and productivity can all be preserved. Over 85% of 
plant families worldwide, across all sorts of environments, are colonized by mycor-
rhiza. Although they are not limited to it and can extend to 70 cm or even more, 
AMF typically appear in the topsoil zone of 0–20 cm (Sangwan and Prasanna 2022). 

The population of AMF is at its peak in the spring, and the soil has an average 
(Bhardwaj et al. 2023). The diverse agricultural systems and related practices con-
trol the population of AMF, which are detritivores closely linked to organic carbon. 
Nonetheless, there is a notable rise in the AMF population with crops like sorghum, 
chickpeas, and maize, but oats, barley, and wheat only develop slowly. By destroy-
ing the soil aggregates and upsetting the mycelia network, practices like tillage, 
crop rotation, residual crop burning, inadequate drainage, fungicide sprays, and 
waterlogging have a detrimental impact on AMF.  AMF can trap a considerable 
quantity of carbon through its exudations and turnover rates. Around the roots, a 
dense network of fungi creates an advantageous soil structure with a binding effect. 
Abiotic stress like heavy metals and water stress can be reduced by the fungus net-
work inside the soil. With the help of the viscous glycoprotein glomalin, AMF pro-
motes soil aggregation in the pedosphere. Its color is reddish-brown, and it has a 
powerful reinforcing impact that improves the general soil quality. Moreover, the 
main element of AMF called glomalin interacts with ions in the rhizosphere to 
increase metal binding. 

9.4  Essential Oils 

Due to rising consumer demand and interest in these plants for therapeutic pur-
poses, the appeal of aromatic and medicinal plants continues to expand applications 
in the culinary and other human-made fields. Consumers are becoming more aware 
of the possibilities and advantages of aromatic and medicinal plants and their 
metabolites as they become more informed about issues related to food, nutrition, 
and health (Hanif et al. 2019). These plants generate a variety of secondary metabo-
lites, including essential oils (EOs). EOs have a highly complex chemical makeup. 
EO constituents individually have beneficial uses in a variety of industries, includ-
ing agriculture, the environment, and human health. EOs are effective complements 
to synthetic compounds which are widely utilized in the chemical industry. The 
term “essential oil” dates back to the sixteenth century and derives from the drug 

9 Application of Microbial Consortia and Biofertilizer to Improve the Quality and…



210

Quinta Essentia, named by Paracelsus von Hohenheim of Switzerland (Brenner 
1993). EOs are the substances obtained from a vegetable raw material, either by 
steam distillation or by mechanical processes from the epicarp of citrus, or 
“dry”distillation (Hanif et al. 2019). Inorganic solvents like water do not dissolve 
EOs; however, organic solvents do (ether, alcohol, and fixed oils). With the excep-
tion of vetiver, sassafras, and cinnamon, they are volatile liquids with a distinct 
smell and a density below unity. They are widely utilized in the cosmetics, aroma-
therapy, and perfume industries (Falleh et al. 2020). Aromatherapy is a therapeutic 
treatment that uses essential oils in baths, massages, and inhalations (volatile oils). 
A plant can govern and regulate its surroundings (play an ecological function) by 
using EOs, which can operate as chemical messages to deter predators, draw polli-
nating insects, prevent seed germination, and communicate with other plants. 
Moreover, EOs have insecticidal, deterring, and antifungal properties (Hanif 
et al. 2019). 

9.5  The Effects of AMF on Essential Oil 

The positive role of AMF in improving EO content and EO profile of various plants 
species has been addressed. The AMF can modify the biosynthesis pathway of EO 
production in plants and lead to significant changes in yield and compounds. The 
improvement of EO content by AMF has been presented in Table 9.1. In this regard, 
the improvement of EO content has been reported on Mentha piperita (Zare et al. 
2023), Lavandula angustifolia (Pirsarandib et al. 2022), and Cymbopogon citratus 
(de Souza et al. 2022; Eke et al. 2020). Khalediyan et al. (2021) has shown that MF 
and PGPR can increase linalol, methyl chavicol, trans-geraniol, camphor, and limo-
nene concentrations in basil EO and carvacrol, thymol, p-cymene, α-terpinene, and 
γ-terpinene in satureja EO components.   

Several medicinal plants, including Chlorophytum borivilianum, Dioscorea spp., 
Gymnema sylvestre, Glycyrrhiza uralensis, Libidibia ferrea, Ocimum basilicum, 
Satureja macrostema, and Salvia miltiorrhiza, have shown a positive correlation 
between the biomass of arbuscular mycorrhizal fungi (AMF)-colonized plants and 
the concentration of secondary metabolites. Studies by Dave et al. (2011), Lu et al. 
(2015), Zimare et al. (2013), Chen et al. (2017), Silvia et al. (2014), Zolfaghari et al. 
(2013), Carreón-Abud et al. (2015), and Yang et al. (2017) have highlighted this 
relationship. However, for Cynara cardunculus colonized by R. intraradices and 
F. mosseae, a significant increase in yield was observed, but the concentrations of 
phenolics decreased (Colonna et al. 2016). 

AMF can be beneficial for plants in various ways, including improving their 
nutrient uptake and indirectly affecting the concentration of secondary metabolites. 
For example, when Glycyrrhiza uralensis was grown under nutrient-deficient con-
ditions, F. mosseae helped to increase its shoot and root biomass, root system archi-
tecture, and flavonoid accumulation (Chen et al. 2017). Furthermore, AMF can help 
micropropagated medicinal plants to survive and grow better when transferred from 
in vitro to ex vivo conditions. Studies have shown that when Spilanthes acmella and 
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Table 9.1 The effects of AMF on essential oil of different plant species 

Authors Plant Results
Weisany 
et al. (2015) 

Anethum 
graveolens L. 

The presence of AM colonization resulted in a notable 
rise in EO yield when compared to plants that were not 
inoculated. Moreover, alterations in EO composition 
were observed in dill plants that were intercropped and 
inoculated with AM. 

Sadegh Sadat 
Darakeh 
et al. (2021) 

Nigella sativa L. The utilization of bioorganic fertilizers can be an 
effective method of enhancing soil fertility and 
decreasing reliance on chemical inputs, ultimately 
leading to greater yields of medicinal and aromatic 
plants. 

Zare et al. 
(2023) 

Mentha piperita Co-application of glomus intraradices and titanium 
dioxide nanoparticles (150 mg L−1) improved EO content 
and amount of menthol, menthyl acetate, and 1, 8 cineole. 

Darakeh 
et al. (2022) 

Nigella sativa L. The utilization of bio and organic fertilizers had an effect 
on the chemical composition of black cumin essential oil. 
The application of nutrients such as vermicompost, 
PGPRs, and AMF to the dillapiole plant resulted in 
percentage increases in EO composition. 

Pirsarandib 
et al. (2022) 

Lavandula 
angustifolia 

AMF (Funneliformis mosseae) inoculation ameliorated 
soil heavy metals via improving growth and EO content. 

Yilmaz and 
Karik (2022) 

Ocimum basilicum The AMF improve EO yield. Eugenol and Ɣ-cadinene, 
which are two of the highest ratio components of EO 
composition, were higher in the AMF. 

de Souza 
et al. (2022) 

Cymbopogon 
citratus 

AMF improved plant growth and development and 
modified the content and composition of EOs. 

Khalediyan 
et al. (2021) 

Ocimum 
basilicum, 
Satureja hortensis 

AMF and PGPR increased linalol, methyl chavicol, 
trans-geraniol, camphor and limonene concentrations in 
basil EO and carvacrol, thymol, p-cymene, α-terpinene, 
and γ-terpinene in satureja EO components. 

Eke et al. 
(2020) 

Cymbopogon 
citratus 

Arbuscular mycorrhizal fungi improved antifungal 
potential of EO against fusarium solani, causing root rot 
in common bean. 

Weisany 
et al. (2021) 

Coriandrum 
sativum L. 

The contents of limonene, apiole, coriander ether, 
n-dihydrocarvone, carvone, myristicin, and coriander 
apiole were enhanced in glomus intraradices treated. 

Golubkina 
et al. (2020) 

Artemisia 
dracunculus, 
Hyssopus 
officinalis 

AMF inoculation resulted in a significant enhancement of 
EO yield. 

Azizi et al. 
(2021) 

Common Myrtle AMF (Funneliformis mosseae, Rhizophagus irregularis) 
and PGPR (Pseudomonas fluorescens, P. putida) 
inoculation improved growth, biochemical traits and EO 
content under drought stress. 

Kordi et al. 
(2020) 

Ocimum basilicum 
L. 

According to the findings, the greatest essential oil yield 
of sweet basil was obtained during the second harvest of 
the second year by using N2-fixing bacteria along with 
50% nitrogen chemical fertilizer in sole cropping, 
resulting in a yield of 30.8 kg h−1.

(continued)
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Table 9.1 (continued)

Authors Plant Results
Weisany 
et al. (2016a) 

Anethum 
graveolens L. 

The content of -phellandrene, limonene, −phellandrene, 
dill-ether, and carvone were enhanced in seed EO 
obtained from AM-inoculated and intercropped dill 
plants. 

Weisany 
et al. (2016b) 

Trigonella 
foenum-graecum 
L., Coriandrum 
sativum L., and 
Nigella sativa L. 

AM colonization of fenugreek, coriander, and nigella 
plants resulted in alterations in the composition of 
essential oils. 

Arpanahi 
et al. (2020) 

Thymus vulgaris AMF inoculation modulated drought through increasing 
EO production. 

Eshaghi 
Gorgi et al. 
(2022) 

Melissa officinalis Co-application of AMF and PGPRs improve growth and 
EO content. 

Arpanahi and 
Feizian 
(2019) 

Thymus vulgaris AMF with mild-moderate water stress, there is an 
increase in EO content but at severe water-stress essential 
oil content decreased. Interaction of AMF and water 
stress had significant effects on most components of EOs. 

Pankaj et al. 
(2019) 

Cymbopogon 
martinii 

AMF significantly improved EO yield and affected EO 
profile.

Glycyrrhiza glabra plantlets were inoculated with F. mosseae, their survival rate 
was 100% and they exhibited improved growth and development in greenhouse and 
glasshouse conditions, whereas without AMF, the survival rate was only 60–70% 
(Yadav et al. 2012, 2013). Similarly, Scutelleria integrifolia seedlings inoculated 
with C. etunicatum had significantly increased height and fresh weight of shoots, 
roots, and seeds following micropropagation (Joshee et al. 2007). 

According to Zeng et al. (2013), it is commonly believed that the increased levels 
of various secondary metabolites found in AMF-colonized plants are a result of 
several defense response pathways that are triggered. These pathways include the 
carotenoid pathway, the phenylpropanoid pathway, and alkaloid synthesis, which 
are known to promote signaling, stress tolerance, nutrient uptake, and resistance 
against biotic and abiotic stresses (Kaur and Suseela 2020). Despite this, the exact 
mechanisms through which AMF induce changes in the concentration of phyto-
chemicals in plant tissues are not yet fully understood (Toussaint et al. 2007). 

The production of terpenoids, phenolic compounds, and alkaloids in plants and 
how they are influenced by AMF has been the subject of many studies. Terpenoids, 
which are synthesized from isoprene units, are produced through two distinct path-
ways: the mevalonic acid (MVA) pathway and the methyleritrophosphate (MEP) 
pathway (Zhi et al. 2007). Various nutritional and non-nutritional factors have been 
suggested to account for the higher production of secondary metabolites in plants 
colonized by AMF, as outlined in Fig. 9.1, in studies by Kapoor et al. (2017), Sharma 
et al. (2017), and Dos Santos et al. (2021).  

AMF and PGPRs can impact the production of secondary metabolites in medici-
nal plants through both nutritional and non-nutritional means. Nutritional factors 
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such as the availability of essential nutrients and micronutrients can influence the 
growth and secondary metabolite production in plants. AMF can enhance nutrient 
uptake in plants, resulting in increased secondary metabolite production. Similarly, 
PGPRs can promote plant growth and improve nutrient uptake by fixing atmo-
spheric nitrogen, solubilizing phosphorus, and producing plant growth-promoting 
hormones. 

Non-nutritional factors such as light, temperature, humidity, and soil pH can also 
influence secondary metabolite production in plants by altering gene expression and 
enzyme activity. High light intensity, for instance, can stimulate the production of 
certain secondary metabolites, while low humidity can decrease plant growth and 
secondary metabolite production. In addition, stress conditions like drought or 
pathogen attack can induce the production of specific secondary metabolites in 
plants as a defense mechanism. To optimize the production of secondary metabo-
lites in medicinal plants using AMF and PGPRs, it is important to consider both 
nutritional and non-nutritional factors. By understanding and manipulating these 
factors, we can potentially increase the yield and quality of bioactive compounds in 
medicinal plants, which can have significant implications for the pharmaceutical 
and herbal industries. 

Initially, the increase in production of secondary metabolites in AMF-colonized 
plants was believed to be due to improved nutrient uptake (Lima et al. 2015; Oliveira 
et al. 2015) as a nutritional factor. For example, phosphorus is essential for the syn-
thesis of terpenoid precursors via the MVA and MEP pathways, by increasing the 
concentration of high-energy pyrophosphate compounds like IPP and DMAPP 
(Kapoor et al. 2002, 2004; Zubek et al. 2010). However, Khaosaad et al. (2006) 
discovered that the concentration of essential oils significantly increased in two 
Origanum sp. genotypes colonized by F. mosseae, while the levels of essential oils 
remained unchanged in plants treated with P. This suggests that the elevated produc-
tion of essential oils in AMF-colonized Origanum sp. plants may depend directly on 
the association with the fungus rather than just improved nutrient uptake as a nutri-
tional factor. 

9.6  Plant Growth-Promoting Rhizobacteria 

Plant-microbe coevolution has led to some of the bacteria becoming facultative 
intracellular endophytes (Bulgarelli et al. 2013). Among these free-living bacteria 
are PGPRs that exert beneficial effects on plants through direct and indirect mecha-
nisms. Beneficial rhizobacteria have been utilized to improve water and nutrient 
uptake, abiotic and biotic stress tolerance. Even though numerous soil bacteria have 
been reported to promote plant growth and development, the mode(s) of action by 
which the bacteria exhibit beneficial activities are often not well understood. The 
molecular basis of plant-bacteria interaction mechanisms responsible for the physi-
ological changes are beginning to be discerned, mainly due to the emerging “omics” 
approaches. PGPRs can affect the physiological and biochemical attributes in 
plants. The changes in secondary metabolite like essential oils is eminent in the 
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interaction of plants and PGPRs. Table 9.1 shows the positive effect of PGPRs in 
improving essential oil quality and quantity. 

9.6.1  Azotobacter 

PGPR helps to replace chemical fertilizer for the sustainable agriculture production 
by fixing the atmospheric nitrogen and producing growth-promoting substances. 
Among the PGPR group, Azotobacter are ubiquitous, aerobic, free-living, and N2- 
fixing bacteria commonly living in soil, water, and sediments. Being the major 
group of soilborne bacteria, Azotobacter plays different beneficial roles and is 
known to produce varieties of vitamins, amino acids, plant growth hormones, anti-
fungal substances, hydrogen cyanide, and siderophores. The growth-promoting 
substances, such as indoleacetic acid, gibberellic acid, and arginine, produced by 
Azotobacter have direct influence on shoot and root length as well as seed germina-
tion of several agricultural crops. Azotobacter species are efficient in fixation of 
highest amount of nitrogen, production of indoleacetic acid and gibberellic acid, 
and formation of larger phosphate-solubilizing zone. Many species of Pseudomonas, 
Bacillus, and Azotobacter can grow and survive at extreme environmental condi-
tions, namely, tolerant to higher salt concentration, pH values, and even at dry soils 
with maximum temperature. Different factors affect Azotobacter population in soil 
such as pH, phosphorus content, soil aeration, and moisture contents. A. chroococ-
cum found tolerant to a maximum NaCl concentration of 6% with a temperature of 
45 °C and also up to pH of 8. Azotobacter species such as A. vinelandii, A. chroococ-
cum, A. salinestris, A. tropicalis, and A. nigricans are able to produce antimicrobial 
compounds which inhibit the growth of common plant pathogens, viz., Fusarium, 
Aspergillus, Alternaria, Curvularia, and Rhizoctonia species. Pesticides used to 
control pests, insects, and phytopathogens are known to cause direct effect on soil 
microbiological aspects, environmental pollution, and health hazards in all living 
beings of the soil ecosystem. The species of Azotobacter are known to tolerate up to 
5% pesticide concentration and also to degrade heavy metals and pesticides. 
A. chroococcum and A. vinelandii proved their biodegradation efficiency of many 
commonly used pesticides, viz., endosulfan, chlorpyrifos, pendimethalin, phorate, 
glyphosate, and carbendazim. 

9.6.2  Pseudomonas Sp. 

Pseudomonas sp. is an aerobic, gram-negative, ubiquitous organism present in agri-
cultural soils and well adapted to grow in the rhizosphere. This rhizobacterium pos-
sesses many traits to act as a biocontrol agent and to promote the plant growth 
ability. It grows rapidly in vitro and can be mass-produced. It rapidly utilizes seed 
and root exudates and colonizes and multiplies in the rhizosphere and spermosphere 
environments. In the plant rhizosphere, it produces a wide spectrum of bioactive 
metabolites, that is, antibiotics, siderophores, volatiles, and growth-promoting 
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substances; competes aggressively with other microorganisms; and adapts to envi-
ronmental stresses. In addition, pseudomonads are responsible for the natural sup-
pressiveness of some soilborne pathogens. It suppresses the growth of pathogenic 
microorganisms by various mechanisms, namely, production of antibiotics, bacte-
riocins, siderophores, hydrolytic enzymes such as β-1,3-glucanase and chitinases, 
and other metabolites such as phytoalexins and induction of systemic resistance. In 
this chapter, the characteristics of Pseudomonas sp., plant growth-promoting prop-
erties, mechanisms of plant growth promotion, and induction of systemic resistance 
by plant growth-promoting rhizobacterium (PGPR) against diseases and insect and 
nematode pests have been reviewed. PGPR strains initiating induced systemic resis-
tance against a wide array of plant pathogens causing fungal, bacterial, and viral 
diseases and insect and nematode pests are discussed. Synergistic effects of PGPR 
strain mixtures and PGPRs as endophytes are brought out. Modes of action of 
Pseudomonas against fungal pathogens have been explained. Plant-disease controls 
by P. fluorescens have been elaborated. Interaction of P. fluorescens with pesticides 
has been indicated. Formulation characteristics, its approved uses in India, methods 
of application, and data requirements for registration particularly in India are dis-
cussed. Factors affecting growth of biopesticides and future issues and research 
needs in biopesticides are discussed. 

PGPRs can exert both direct and indirect effects on plants, as shown in Fig. 9.2. 
Direct effects involve the PGPRs’ direct interactions with the plants, such as the 
production of plant growth hormones like auxins, cytokinins, and gibberellins, 
which can enhance plant growth and development. Additionally, PGPRs can secrete 
siderophores, iron-chelating compounds that facilitate iron uptake by plants, espe-
cially in iron-limited soils.  

Fig. 9.2 Direct and indirect effects of PGPRs on plants  
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Indirect effects refer to the influence of PGPRs on other soil organisms, which 
subsequently affect plant growth and development. For example, PGPRs can stimu-
late the activity of other soil microorganisms, including mycorrhizal fungi, which 
can form mutually beneficial associations with plants to enhance nutrient uptake. 
PGPRs can also trigger systemic resistance in plants, making them more resistant to 
pathogens and pests. The direct and indirect effects of PGPRs on plants can signifi-
cantly enhance plant growth, nutrient uptake, and overall health, which can have 
vital implications for agriculture and sustainable crop production. 

9.7  The Effects of PGPRs on Essential Oil 

The positive role of PGPRs in improving EO content and EO profile of some medic-
inal plants has been reported. The PGPRs can modify the biosynthesis pathway of 
EO production in plants and lead to significant changes in yield and compounds. 
The improvement of EO content by PGPRs has been presented in Table  9.2. 
Accordingly, Yilmaz & Karik reported that PGPRs inoculation under low drought 
stress-enhanced Trachyspermum ammi seeds’ EO bioactivity. Sammak showed that 
the synergistic effect of AMF and Pseudomonas fluorescens improved growth and 
yield of Thymus kotschyanus EOs. Amini et al. (2020) noted that PGPRs improved 
EO yield and composition of Dracocephalum moldavica as affected by inoculation 
treatments under drought stress condition.   

PGPRs have been found to positively affect the essential oil (EO) production of 
medicinal plants through various mechanisms. 

Table 9.2 The effects of PGPRs on essential oil of different plant species from 2020 to 2023 

Author/s PGPRs Results 
Yilmaz and 
Karik (2022) 

Azotobacter 
chroococcum 

PGPRs inoculation under low drought stress- 
enhanced Trachyspermum ammi seeds’ EO 
bioactivity. 

Hatami et al. 
(2021) 

Pseudomonasfluorescens 
and P. putida 

Silicon nanoparticle-mediated seed priming and 
pseudomonas spp. inoculation-enhanced growth, 
antioxidant capacity, and EO yield in Melissa 
officinalis L. 

Sammak 
et al. (2020) 

Pseudomonas 
fluorescens 

The synergistic effect of AMF and Pseudomonas 
fluorescens improved growth and yield of Thymus 
kotschyanus EOs. 

Amini et al. 
(2020) 

Piriformospora indica, 
Pseudomonas 
fluorescens 

PGPRs improved EO yield and composition of 
Dracocephalum moldavica as affected by 
inoculation treatments under drought stress 
condition. 

Dehsheikh 
et al. (2020) 

N-fixing bacteria, 
P-solubilizing bacteria 

Combined PGPRs improved soil microbial activity, 
essential oil quantity, and quality of Thai basil. 

Mirzaei et al. 
(2020) 

Pseudomonas sp., 
Azotobacter sp. 

PGPR improved the plant growth and EO 
properties by increasing antioxidant capacity of 
lemongrass. 
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One of the main mechanisms is the ability of PGPRs to improve nutrient acquisi-
tion in plants, particularly the uptake of nitrogen, phosphorus, and other essential 
minerals. PGPRs can achieve this by solubilizing insoluble minerals, chelating min-
erals, and producing enzymes that facilitate nutrient uptake. By improving nutrient 
availability, PGPRs can support the growth and development of medicinal plants, 
leading to an increase in EO production. 

PGPRs can also modulate plant hormone levels, including the production of phy-
tohormones such as auxins, cytokinins, and gibberellins. These hormones are cru-
cial in plant growth and development, and can influence the production of secondary 
metabolites such as EOs. For example, auxins have been shown to promote the 
biosynthesis of several EO components, while cytokinins can enhance the synthesis 
of certain aromatic compounds. 

Furthermore, PGPRs can help to mitigate abiotic and biotic stress in medicinal 
plants. Stresses such as drought, salinity, and pathogen attack can negatively impact 
plant growth and development, as well as EO production. PGPRs can alleviate these 
stresses by inducing the expression of stress-responsive genes and producing com-
pounds such as osmolytes, antioxidants, and siderophores that protect the plant 
from damage. In addition, PGPRs can interact with other microorganisms in the 
rhizosphere, including mycorrhizal fungi and other beneficial bacteria. These inter-
actions can promote synergistic effects on plant growth and EO production, by 
improving nutrient acquisition, hormone levels, and stress tolerance. 

Overall, the effects of PGPRs on EO production in medicinal plants are complex 
and multifaceted. The ability of PGPRs to improve nutrient uptake, induce hormone 
production, and modulate stress responses can enhance the growth and development 
of medicinal plants, leading to an increase in EO production and quality. Further 
research is needed to fully understand the mechanisms behind the effects of PGPRs 
on EO production, as well as to identify the optimal PGPR strains and application 
methods for different medicinal plant species. 

9.8  Conclusion 

In conclusion, the use of biofertilizers and microbial consortia is a promising and 
sustainable approach to enhance the growth and secondary metabolite production of 
medicinal plants. By harnessing the beneficial effects of microorganisms like AMF 
and PGPRs, we can improve plant resilience and increase the accumulation of active 
compounds. However, to achieve optimal results, it is crucial to also consider envi-
ronmental factors such as light, temperature, humidity, and soil fertility, as well as 
cultivation techniques. By using innovative substrate-based and substrate-free sys-
tems like aeroponic and hydroponic systems, and micropropagation, we can create 
ideal growth conditions for medicinal plants and ensure the production of high- 
quality bioactive substances. This can have significant implications for the pharma-
ceutical and herbal industries, as well as for the overall health and well-being of 
society. 
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10 Effect of Environmental Factors 
on Essential Oil Biosynthesis, Chemical 
Stability, and Yields 
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Abstract 

Essential oils are major secondary metabolites of aromatic plants and composed 
of complex mixture of terpenoids and phenylpropanoids components. Complex 
metabolic cross talk between mevalonic acid, methylerythritol, malonic acid, 
and DOXP pathways are involved for synthesis of essential oils. The biosynthe-
sis and yield of essential oils are regulated by various environmental factors like 
light, temperature, drought, salinity, heavy metals, seasonal variations, and min-
eral concentrations. These environmental factors also have signi�cant impact on 
chemical nature and stability of essential oil components. The essential oil ingre-
dients are converted into structurally related components by oxidation, reduc-
tion, polymerization, dehydrogenation, and cyclization. However, in changing 
environmental conditions plants develop various mechanisms related to the pro-
duction of secondary messengers, and signal transduction through mitogen-
activated protein kinase and calcium-dependent protein kinases for activation or 
repression of different transcription factors. The upstream and downstream regu-
lation of genes regulates the metabolic responses of aromatic plants which ulti-
mately serve a crucial role in essential oil biosynthesis. Based on the above 
background, the article comprises biosynthesis of essential oils through different 
pathways, cross talk of metabolic reactions, and effect of various environmental 
factors, namely, light, temperature, oxygen availability, seasonal variation, salin-
ity, and toxic contaminants on chemical stability of essential oils. 
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10.1  Introduction 

Essential oils are natural volatile liquids of aromatic plants isolated from varieties 
of plant parts like wood, seeds, bark, leaves, fruits, roots, rhizomes, and flower 
(Solórzano-Santos and Miranda-Novales 2012). They are complex mixture of low 
molecular weight organic volatile compounds which can partially stable in vapor 
pressure. The essential oils are mainly isolated from plant families like Asteraceae, 
Apiaceae, Cupressaceae, Lamiaceae, Myrtaceae, Oleaceae, Liliaceae, Rutaceae, 
and Rosaceae (Das et al. 2021a). India, Indonesia, China, and Brazil are recognized 
as major country for production of essential oil, whereas Japan, Europe, and the 
United States are the prime consumers of essential oils. The components of essen-
tial oils are categorized into different structural families like terpenoids and phenyl-
propanoids (Moghaddam and Mehdizadeh 2017). Terpenes are structurally and 
functionally different classes of components made up of five carbon isoprene units. 
The main terpenes are monoterpene, sesquiterpenes, diterpenes, triterpenes, and tet-
raterpenes (Ashour et al. 2010). Terpenes molecules containing oxygen atoms are 
called terpenoids. There are several types of terpenes like alcohol, aldehyde, ketone, 
esters, ethers, peroxides, and phenols. Terpenoids are mainly synthesized by two 
different pathways, namely, methylerythritol pathway in plastid and mevalonate 
pathway in cytosol-producing isopentenyl pyrophosphate and dimethylallyl pyro-
phosphate. These two molecules are condensed through geranyl pyrophosphate syn-
thase producing ten carbon monoterpenes (Singh and Sharma 2015). These 
monoterpenes further develop di, tri, and tetra terpenes. The aromatic essential oil 
components are mainly synthesized through shikimate pathway (Gounaris 2010). 
They are composed of essence rich natural active ingredients especially internalized 
into specialized cells like glandular hairs, trichome, vacuoles, and pockets (Rehman 
et al. 2016). The global climate change significantly affects the quality of aromatic 
plants throughout the world. The environmental threats like cold stress, drought, 
salinity, heavy metal concentrations, and flooding severely affect the essential oil 
composition and yield in aromatic plants (Verma and Shukla 2015). Most notably, 
various environmental factors like light, temperature, oxygen availability, and water 
content significantly alter the biochemical and physiological equilibrium of plants 
(Chaudhry and Sidhu 2022). These environmental factors also influence the genetic 
makeup and plant developmental factors leading to changes in essential oil compo-
sitions. Different abiotic and biotic stimuli dramatically influence the secretion 
mechanism of terpenoids and phenolic components in specialized secretory struc-
tures like vacuoles, glands, and trichomes. The essential oils have various biological 
functions like antimicrobial, antifungal, anti-inflammatory, anti-carcinogenic, and 
green additive or preservative agent in perfumery, pharmaceuticals, and food 
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industries (Nazzaro et al. 2017). Taken as a whole, all the compiled characteristics 
of essential oils completely depend on the stability and molecular orientation of 
components (Hyldgaard et al. 2012). The essential oil components are highly reac-
tive in the presence of different environmental factors like heat, light, and air con-
verting into structurally related components by oxidation, isomerization, 
polymerization, and dehydrogenation (Al-Harrasi et al. 2022). The knowledge of 
stability of biochemical components may be helpful in tracking the changes/altera-
tion of components under various environmental factors. 

On the basis of above background, this chapter highlights the effect of various 
environmental factors on chemical nature, and cross talk of metabolic reactions for 
the biosynthesis of essential oils. This chapter provides an insight on the effect of 
light, temperature, oxygen availability, and toxic contaminants on chemical stability 
and yield of essential oils. 

10.2  Chemical Components of Essential Oils 

Essential oils are complex mixture of 20–60 components at varying concentrations 
(León-Méndez et al. 2019). Two or three components contributing 5–30% of essen-
tial oils are called as major components, while the other components in trace 
amounts are termed as minor components. Essential oils are mainly constituted by 
terpenoids and phenylpropanoids. Basically, they are hydrocarbons and their oxy-
genated derivatives contain nitrogen or sulfur (Hüsnü et al. 2007). Essential oils are 
low molecular weight components with limited solubility in water (Barradas and de 
Holanda e Silva 2021). Terpenes are combinations of five carbon isoprene units and 
their modification by allylic prenyldiphosphate by terpene-specific synthetases 
develop the functional skeleton of different terpenes. The 10 carbon monoterpenes 
are representative of 90% of essential oils with variety of structures. The acyclic, 
monocyclic, and bicyclic carbures monoterpenes are p-cymene, phellandrene, cam-
phene, sabinene, 3-carene, ocimene, and myrcene. Linalyl acetate, citronellyl ace-
tate, pulegone, geranial, neral, 1,8-cineol, thymol, and carvacrol are grouped under 
aldehyde, ketone, ester, and ether monoterpenes (Bakkali et al. 2008). In addition to 
terpenoids, aromatic compounds are derived from phenylpropane. Common alde-
hyde, phenol, alcohol, and methoxy aromatic compounds are cinnamaldehyde, 
eugenol, chavicol, anethole, estragole, and safrole. Table  10.1 presents chemical 
components of different essential oils.   

10.3  Routes and Cross Talk for Biosynthesis of Essential Oils 

Essential oil components are mainly categorized under two different chemical 
classes, namely, terpenoids and phenylpropanoids. Terpenes are more frequently in 
occurrence as compared to phenylpropanoids which have significant contribution in 
odor and flavor of the essential oil (Stephane and Jules 2020). Terpenoids and phen-
ylpropanoids are originated from different primary metabolites with variation in 
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biosynthetic routes. Shikimate pathway is responsible for synthesis of phenylpro-
panoid components along with the precursor amino acids tyrosine and phenyl ala-
nine (Haslam 2014). Terpenoids are mainly synthesized from five carbon precursor 
isopentenyl pyrophosphate (IPP) and its isomer dimethylallyl pyrophosphate 
(DMAPP) (Böttger et al. 2018). The prenyl pyrophosphate enzyme helps in cou-
pling of IPP units with DMAPP resulting into production of monoterpenoids (C10), 
sesquiterpenoids (C15), diterpenoids (C20), etc. Different skeletal themes of terpe-
noids are developed by prenyl pyrophosphates causing generation of multiple 
parental terpenoids (Ashour et al. 2010). Stereochemical variation of parental terpe-
noids by oxidation, conjugation, reduction, derivatization, and isomerization devel-
ops myriad of terpenoids. IPP has been recognized as universal biological precursor 
of isoprenoids. The horizontal gene transfer event (HGTs) supported that mevalon-
ate pathway is an ancestral metabolic route of isoprenoid biosynthesis (Lombard 
and Moreira 2011). In addition, the glyceraldehydes/pyruvate route of isoprenoid 
biosynthesis has been recently indicated which regulate the terpenoid metabolism in 
plants (Kiani 2017). Most notably, the plasticidal 2-C-methylerythritol-4-phosphate 
(MEP) pathway is also responsible for the synthesis of IPP and DMAPP from pyru-
vate and glyceraldehydes 3 phosphate (Kuzuyama and Seto 2012). Schwarz and 
Arigoni (1999) demonstrated that plastid-related isoprenoid compounds are devel-
oped by the involvement of MEP pathway. Rohmer et  al. (2005) reported that 
1-deoxy-D-xylulose-5-phosphate (DOXP) as the first stable product for the synthe-
sis of isoprenoids. The DOXP pathway initiates by formation of 
1- deoxy- D- xylulose- 5- phosphate (DOXP) from pyruvate and glyceraldehydes 3 
phosphate. DOXP further produces 2-C-methyl-D-erythritol 4-phosphate by DOXP 
reductoketoisomerase with operational biosynthesis of leucine, valine, and isoleu-
cine. Thereafter, the 2-C-methyl-Derythritol 4-phosphate metabolized to produce 
the IPP (Wanke et al. 2001). Figure 10.1 represents the pathways for isoprenoids 
and terpenoid biosynthesis.  

In addition to isoprenoids, phenylpropanoids are also common constituents of 
essential oils. Their abundance provides different sensory values of essential oils. 
Major phenylpropanoids which have been isolated from essential oils are eugenol, 
estragol, anethole, dillapiole, elemicine, methyl chavicol, and methyl cinnamate 
(Zuzarte and Salgueiro 2015). The phenylpropanoid components are developed 
from phenylalanine synthesized by Shikimate pathway. Phenylalanine ammonia 
lyase helps in conversion of phenylalanine to trans cinnamic acid. The cinnamic 
acid is converted to p-coumaric acid by cinnamate 4 hydroxylase. The tyrosine 
ammonia lyase synthesized coumarate directly from tyrosine (Hüsnü et al. 2007). In 
vivo modification of peroxidase developed the eugenol from coumare derivatives. 
The phenylpropane, elemicine, and myristicine are developed from methyleugenol 
(Zuzarte and Salgueiro 2015). The pathways for phenylpropanoid biosynthesis are 
presented in Fig. 10.2.  
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Fig. 10.1 Pathways for isoprenoids and terpenoid biosynthesis  

10.4  Environmental Factors Affecting Essential 
Oil Biosynthesis 

Environmental factors are key regulator for plant growth and biosynthesis of essen-
tial oils in specific plant organs (Li et al. 2020). Different abiotic factors play pro-
found effect on essential oil compositions. Temperature, mineral nutrients, light 
quality, humidity, ozone, and oxygen are greatly involved in amelioration of essen-
tial oil production in plants. 

10.4.1  Light 

The light quality has special effect on essential oil biosynthesis. It has been observed 
that in Pelargonium spp. fraction of incident light at different wavelength modulated 
the biogenesis of essential oil in leaves. The red light induced the production of 
essential oil from exogenous primary precursors (Sangwan et  al. 2001). Authors 
suggested that red-light-mediated essential oil production is associated with the 
phytochrome metabolism in plants. Yanhe et al. (1995) pointed the fact that quan-
tum irradiation has profound impact on essential oil biosynthesis in thyme and sage 
plants. Higher amount of essential oil with thujone content (reduction in camphor 
occurrence) was recorded in thyme and sage plants at 45% sunlight. In case of 
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Fig. 10.2 Pathways for phenylpropanoid biosynthesis  

thyme plant maximum amount of myrcene and thymol was found in full sunlight. 
Light has the capacity to induce phenyl propane and monoterpenes in Ocimum basi-
licum and Satureja douglasii (Barra 2009). Jaiswal et  al. (2021) demonstrated 
UV-B-dependent regulation of secondary metabolism in plants which influence the 
biosynthetic reactions. Wang et al. (2020) reported increase in essential oil content 
of Asarum heterotropoids by light irradiation treatments of 12, 24, 50, and 100% 
sunlight. Cinnamic acid, phenylalanine, and p-coumarine level in A. heterotropoids 
were increased which directly induces the production of essential oil by shikimic 
acid pathway. Light affects the plastid differentiation and chlorophyll biosynthesis 
in Rosamarinus officinalis which in turn induce the production of essential oil. 
Batista et al. (2016) demonstrated the effect of spectral quality on leaf anatomy and 
expansion of leaf blade with increase in essential oil production in Lippia alba. 
Nishioka et al. (2008) reported increase in menthol content of Mentha arvensis in 
red light as compared to blue and green light. 

10.4.2  Seasonal Variation 

Seasonal variation is a combinatorial factor of radiation, precipitation, and tempera-
ture. Barroso et  al. (1992) reported that sabinene was the major component in 
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Crithmum maritimum essential oil during the flowering periods while γ-terpinene 
was recorded as major ingredient rest of the season. Zouari-Bouassida et al. (2018) 
reported highest yield of essential oil in Mentha longifolia. In winter season 1,8 
cineol, pulegone, and L-menthone were recognized as major component of M. lon-
gifolia essential oil in winter season. In the spring season, palmitic acid and pule-
gone were found as major ingredient. Cascade regulations of genes in different 
seasons are the prime reason for variation in chemical components. In Achillea 
millefolium, sesquiterpene was recorded as major ingredient of essential oil at veg-
etative period while monoterpene hydrocarbon was recognized as major compo-
nents during the flowering periods (Figueiredo et  al. 1992). Santos-Gomes and 
Fernandes-Ferreira (2001) reported that oxygenated monoterpene of Salvia offici-
nalis essential oil decreased in winter, while increment in monoterpene hydrocar-
bon was recorded in summer. The essential oil of Salvia libanotica contains 
maximum amount of camphene, thujone, and camphor in winter time than spring 
time (Farhat et al. 2001). Rathore et al. (2022) demonstrated higher essential oil 
content in Rosmarinus officinalis during the autumn season as compared to rainy 
and summer seasons. Authors reported higher amount of β-pinene, 1,8-cineol, ter-
pinen-4-ol, and cis sabinene hydrate as major component in rainy season, while 
terpinen-4-ol was found as prime ingredient in summer season. Similarly, 
β-caryophyllene was found in higher amount in the rainy season; however, it was 
not observed in autumn season. In Ocimum basilicum, oxygenated monoterpenes 
and sesquiterpenes were found higher in winter season, while lowest content was 
recorded in summer season (Hussain et al. 2008; Gazim et al. 2010). Seasonal tem-
perature also has significant impact on essential oil yield. For instance, essential oil 
of O. basilicum was found highest at winter (0.8%) while reduced the oil content at 
summer (0.5%). 

10.4.3  Temperature 

Temperature plays prime role in release of terpenes especially monoterpenes and 
isoprene of essential oil in hot weather. Temperature has direct role to induce the 
enzyme catalyzing the synthesis of volatile components. Isoprene has better toler-
ance ability against high temperature and reactive oxygen species. Heydari et al. 
(2018) reported differentiation of essential oil composition of Mentha piperita and 
Mentha arvensis plants in heat stress. At higher temperature, the menthol level was 
reduced while menthyl acetate and pulegone were increased significantly. Ložienė 
et al. (2021) demonstrated the accumulation of geraniol in Thymus pulegioides at 
rising temperature condition. In addition to high temperature, cold stress (low tem-
perature) plays significant role in variation of essential oil composition. Senji and 
Mandoulakani (2018) reported that higher level of cadinene and geraniol were 
observed at 4 °C for 24 h in Ocimum basilicum, while after continuation of same 
temperature for 48  h maximum concentration of 1,8-cineol was recorded. The 
experiment also extended up to the temperature level of 10 °C, where α-bergamotene 
and germacrene-D were recognized as major components of essential oil. Significant 
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alteration in total amount of active ingredients of Matricaria chamomilla in cold 
stress has been reported by Ahmad et al. (2011). 

10.4.4  Drought 

Water plays prime role in growth and development of plants. Hence, scarcity or 
excessiveness of water may influence the essential oil contents of different plants. 
Under drought stress condition, increment in total sesquiterpene content and men-
thol was observed while the level of menthofuran, pulegone, and cineol were con-
siderably decreased in peppermint essential oil (Charles et  al. 1990). In contrast 
with this study, Idrees et  al. (2010) reported decrement in essential oil yield in 
Cymbopogon flexuosus under drought stress conditions. Rahimi et al. (2017) threw 
light on the fact that increase in essential oil yield is related to upregulation of limo-
nene synthase gene expression and downregulation of menthofuran synthase gene 
expression along with improved quality. Most importantly, the moderate and severe 
drought conditions reduced the essential oil content in aromatic plants. García-
Caparrós et al. (2019) reported 53.8 and 36.6% reduction in essential oil content of 
Lavendula latifolia and Salvia sclarea essential oil under drought stress condition. 
Mandoulakani et  al. (2017) demonstrated the escalation of methyl eugenol and 
methyl chavicol level of sweet basil essential oil in drought stress. It has also been 
revealed that extreme drought condition improved the essential oil contents of 
Matricaria chamomilla while the yield was considerably declined (Jeshni et  al. 
2017). Investigation of Chrysargyris et al. (2016) suggested that essential oil yield 
in Greek sage plant in moderate water-deficit condition was increased by 50%, 
while 83% increment in essential oil production was achieved in severe water- 
deficit conditions. Similar result was also reported by Bettaieb et  al. (2009) for 
Salvia officinalis plant in water-deficit condition. 

10.4.5  Plant Growth Regulators 

Plant growth regulators or phytohormones have special impact on essential oil bio-
synthesis. The growth regulators also influence the genes regulating physiological 
and biochemical processes which could enhance the essential oil production in spe-
cific plant parts (Farooqi et al. 1996). The phytohormones induce the leaf and flower 
production with general increase in biomass causing higher essential oil yield. Povh 
and Ono (2007) demonstrated increase in essential oil of Salvia officinalis by apply-
ing 100 mg/L of gibberellic acid. Lactonic and ketonic spirostane (analogues of 
brassinosteroids) showed increased production of leaves which directly correlated 
with menthol synthesis in Mentha arvensis (Bovi et  al. 2001). Essential oils are 
synthesized in special secretary structures which are the key factor for terpene bio-
synthesis. Fraternale et al. (2003) reported that at 0.1 mg/L of benziladenine Thymus 
mastichina plant produced maximum essential oil due to increased density of 
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glandular hair at post secretary stage. Erbilgin et al. (2006) demonstrated that appli-
cation of jasmonic acid induced the development of resiniferous ducts in Picea 
abies with threefold increase in concentration of limonene and β-piene. Application 
of 0.5 mM methyl jasmonate significantly increased the monoterpene quantity in 
Ocimum basilicum. As compared to control plant linalool and eugenol was increased 
by 43 and 56%. Kim et al. (2006) observed that increase in transcript number of 
phenylammonia lyase induced the production of eugenol. 

10.4.6  Saline Conditions 

Soil salinity is one of the prime regulators of plant growth and metabolism. Severe 
salinity reduces the growth of plants due to changes in root osmotic potential. 
Ahmad and Prasad (2011) reported accumulation of Na+ and Cl− ions in plant cells 
in salt stress resulting production of reactive oxygen species and inhibition of uptake 
of K+ ions. Khorasaninejad et al. (2010) reported decrement in essential oil content 
of peppermint at salinity stress conditions. Menthone and pulegone level of Mentha 
canadensis was enhanced in saline conditions while menthol level was found to 
decrease significantly (Yu et al. 2015). Razmjoo et al. (2008) reported decline in 
essential oil content of Matricaria chamomilla at saline level of 336 mmol/L. Effects 
of salinity on peppermint essential oil has been carefully studied. It has been 
observed that reduction of pinene, menthol, sabinene, 1,8-cineol, and menthofuran 
at higher saline concentration whereas menthone concentration was enhanced 
promisingly (Ghorbani et al. 2018). 

10.4.7  Toxicity of Heavy Metals 

Heavy metals are major pollutant of soil and can be absorbed by different plant 
parts. After accumulation, the heavy metals carryforward to the food chain and 
influence varieties of physiological manifestations (Anjum et  al. 2016). Lajayer 
et al. (2017) reported alteration in biosynthesis of essential oil of the aromatic plants 
grown in the metal-contaminated areas. Azimychetabi et al. (2021) demonstrated 
decreased menthol content from 54.1 to 40.8% and increased concentration of pule-
gone and menthofuran by exposure of 40 mg/L cadmium. It has been reported that 
cadmium concentration greater than 25 mg/L showed prominent decrease in essen-
tial oil yield of Ocimum basilicum (Youssef 2021). Sá et al. (2015) described the 
induction of carvone content of Lemongrass essential oil in presence of lead. 
Table 10.2. presents the effects of different environmental factors on essential oil 
composition and yield.   
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Table 10.2 Effect of different environmental factors on essential oil composition and yield 

Environmental 
factors Plant species Effects References 
Drought Ocimum 

basilicum 
Increment in level of β-myrcene, 
methyleugenol, and 
methylchavicol 

Mandoulakani 
et al. (2017) 

Thymus 
carmanicus 

Reduce γ-terpinene and carvacrol 
content while increase the 
borneol and thymol content in 
essential oil 

Bahreininejad et al. 
(2014) 

Temperature Mentha piperata Escalation of production of 
menthofuran, menthone, and 
menthyl acetate while decrement 
in menthol concentration 

Maffei and 
Scannerini (2000) 

Matricaria 
chamomilla 

Low temperature increased the 
level of essential oil 

Ahmad et al. 
(2011) 

Saline conditions Rosmarinus 
officinalis 

Increased the level of essential oil Dehghani Bidgoli 
et al. (2019) 

Mentha 
pulegium and M. 
suaveolens 

Reduce the yield of essential oil Aziz et al. (2008) 

Heavy metals Melissa 
officinalis 

Reduce essential oil yield by 97% Kilic and Kilic 
(2017) 

Mentha piperata Decrement in menthol content 
while enhancement in pulegone 
and menthofuran content under 
cd stress 

Azimychetabi et al. 
(2021) 

Mentha arvensis Modest essential oil content at 
20 mg/kg of arsenic (As) while at 
100 mg/kg of As essential oil 
concentration was considerably 
reduced 

Nabi et al. (2019)

10.5  Effect of Environmental Factors on Stability and Yield 
of Essential Oils 

The essential oil components are structurally related to each other; therefore, 
they are easily converted into another forms by oxidation, cyclization, isomeri-
zation, and dehydrogenation reactions (Al-Harrasi et  al. 2022). The chemical 
stability of the essential oil components is influenced by plant growth stages, 
edaphic factors, climate, and harvest time (Figueiredo et al. 2008). Terpenoids 
are volatile and thermolabile in nature. Hence, easily hydrolyzed or oxidized on 
the basis of their structures (Pavela and Benelli 2016). In the absence of protec-
tive compartmentation, the essential oils are prone to chemical transformations, 
oxidative damage, and polymerization reactions, affecting the stability of essen-
tial oil. For instance, p-cymene (monoterpene) has been identified in aged 
essential oils developed through acid-catalyzed depletion of citral or oxidative 
dehydrogenation of unsaturated monocyclic terpenes causing off-flavor of 
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lemon oil (Nguyen et al. 2009). In addition, autooxidation has also been recorded 
for terpenoids deterioration. Hagvall et al. (2007) reported the development of 
hydroperoxide through oxidation of terpenoids which further decompose in the 
presence of heat and light. The chemical natures of secondary oxidation prod-
ucts remain unknown. Caryophyllene oxide is a secondary oxidation product of 
sesquiterpene caryophyllene which has been recognized in stored essential oils 
(Turek and Stintzing 2012). 

The degradation of essential oils depends on several environmental factors like 
temperature, oxygen availability, light, water content, and metal contaminants 
which are described as follows. 

10.5.1  Temperature 

Temperature influences the stability of essential oil based on acceleration of chemi-
cal reactions according to the equation of Arrhenius (Atkins 2002). Van’t Hohf’s 
law also stated that an increase of 10 °C temperature doubled the chemical reaction 
rates. The autooxidation and hydroperoxide decomposition at high temperature 
develops free radicals. At low temperature, oxygen was soluble in liquid affecting 
the stability of essential oils (Bernhard and Marr 1960). Turek and Stintzing (2012) 
reported decrement in terpenic hydrocarbon, namely, γ-terpene, β-myrcene, 
β-caryophyllene, and β-pinene in pine, lavender, rosemary, clove bud, and carda-
mom essential oils upon increase in temperature. Terpenes and aldehydes are prone 
to rearrangement at higher temperatures. Nguyen et al. (2009) demonstrated the loss 
of neral, geraniol, and terpenic hydrocarbons of lemon essential oil when kept at 
50 °C for 2 weeks. It has also been investigated that Rosemary oil was stable at low 
temperature in refrigerator over a period of 3 months. In contrast, the peroxide was 
developed in pine essential oil while keeping at 5 °C in refrigerator. Similar finding 
was reported for lavender essential oil with development of peroxide at 5 °C; how-
ever, at 38  °C peroxides were completely degraded. These data emphasized that 
stability of essential oils depends on chemical nature of the components (Turek 
et al. 2012). 

10.5.2  Light 

Visible and ultraviolet light plays an important role in autooxidation by accelerating 
the hydrocarbon abstraction leading to generation of alkyl radicals (Choe and Min 
2006). Misharina et al. (2003) reported rapid degradation of monoterpenes in the 
presence of light. The rosemary essential oil was found susceptible at imitated day-
light leading to considerable increase in camphor, p-cymene, and caryophyllene 
oxide. Nguyen et al. (2009) demonstrated the development of photoanethole and 
photocitral in stored anise and lemon essential oil by sunlight or UV light-mediated 
oxidation. Most importantly, in sweet fennel oil trans-anethole was isomerized into 
cis-anethole or oxidized to anisaldehyde in the presence of light within 2 months of 
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storage. In the presence of UV light, trans-anethole was converted into cis-anethole 
which was found 10–12 times more toxic than cis isomers (Misharina and 
Polshkov 2005). 

10.5.3  Availability of Oxygen 

Oxygen concentration causes spoilage of essential oil and plays a decisive role in 
stability. Oxidation of essential oil is influenced by partial pressure in headspace 
and ambient temperature. At lower temperature, the essential oil oxidized to pro-
duce peroxide and hydroperoxide radicals. At higher temperature (limited oxygen 
concentration), the essential oils are oxidized to produce alkyl or hydroxyl radicals. 
Turek et al. (2012) reported peroxide radical formation of pine and lavender essen-
tial oil at 23 °C and 5 °C, respectively. Nguyen et al. (2009) demonstrated decrease 
in β-caryophyllene, limonene, α-terpinene, and β-phellandrene components of 
lemon essential oil when stored at 50  °C which was mainly associated with the 
oxidation of essential oil components. The essential oils may sometimes moderately 
oxidize to produce peroxide radicals at refrigerator (Tisserand and Young 2013). 
Hence, to avoid the oxidation process, essential oils should be treated with inert gas 
like argon to prevent the development of peroxide or hydroxyl radicals. 

10.5.4  Contamination of Metals 

Distillation unit made of primitive stills or preservation of essential oils in metallic 
containers may cause the oxidation of essential oil components by catalyzing reac-
tion with the metallic impurities (Al-Harrasi et al. 2022). The hydroperoxide decom-
position through Fe2+ to Fe3+ and Cu+ to Cu2+ mainly develops the peroxyl or alkoxyl 
radicals which in turn cause photooxidation of essential oil components (Choe and 
Min 2006). 

10.6  Mechanism of Essential Oil Regulation by 
Environmental Factors 

On the basis of physiological point of view, first of all the environmental factors are 
detected by plant plasma membrane, thereafter, the signal is transmitted toward the 
downstream regulatory signals through different secondary messengers like carbo-
hydrates, cyclic adenosine monophosphate (cAMP), cyclic guanosine monophos-
phate (cGMP), inositol phosphate, calcium ions, and nitric oxide (Smékalová et al. 
2014). The secondary messengers activated the Ca2+ sensors allowing the signal for 
further transduction (Zhou et al. 2019). Thereafter, the signal transduction pathway 
is regulated by protein kinase and phosphatases like calcium-dependent protein 
kinase (CDPKs) and mitogen-activated protein kinases (MAPKs) (Wurzinger et al. 
2011). The protein kinase or phosphatases have specific role to activate or repress 
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Fig. 10.3 Diagrammatic representation of mechanism of essential oil regulation by environmen-
tal factors  

different transcriptional factors which regulate the production of secondary metabo-
lites especially essential oils (Chan et al. 2005). The upstream components facilitate 
the regulation of transcription factors by various steps of posttranscriptional modi-
fications namely, SUMOylation and ubiquitination (Debnath et al. 2011). The tran-
scription factors are prime regulator of different terminal transducers by acting on 
cis-element in the promoter regions. They detect the environmental stress signals 
and direct the downstream expression of some defense genes (Jan et al. 2021). The 
stress gene products involving essential oils help in plant adaptation allowing the 
plants to grow in stressful conditions. The plant receptors and sensors facilitate in 
detection of environmental factors to stand the defensive reactions and expression 
of essential oil synthesizing genes in specialized organs of plants. Most importantly, 
the terpenoids and isoprenoids are not stored in permanent metabolic pools of 
plants. Their synthesis depends on the functional requirements and modulated by 
substrate concentration, light, temperature, and oxygen concentrations (Bustamante 
et al. 2020). Additionally, the critical environmental conditions trigger the emission 
of terpenoids in plants which has been suggested as a possible reason for composi-
tional variation of essential oil (Ngumbi and Ugarte 2021). The carbon flux and 
allocation of resources are responsible for alteration of bioactive components and 
quality of essential oils in different environmental conditions. The mechanism of 
essential oil regulation by environmental factors is presented in Fig. 10.3.  
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10.7  Conclusion 

Essential oils are complex secondary metabolite of aromatic plants and have sub-
stantial interest for varieties of biological functions. Various environmental factors 
like temperature, radiation, seasonal variation, salinity, drought, and toxic metals 
play important role in the synthesis and regulation of essential oil production. The 
environmental factors could affect the biosynthesis of essential oils by regulating 
the mevalonic acid, methylerythritol-4-phosphate, and DOXP pathways. 
Additionally, the environmental factors have prominent impact on stability of essen-
tial oils. The structural similarities of essential oil components have special effect 
on oxidation, cyclization, polymerization, and dehydrogenation, leading to determi-
nation of the stability of components. The secondary messengers are prime factors 
which activate the protein kinase and phosphatase activities in genes leading to 
upstream regulation of transcription factors at the onset of various environmental 
factors. However, further investigation is required to unveil different analytic 
approaches for consideration of essential oil components analysis and stability. 
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Abstract 

Plants produce a wide range of volatile compounds, which plays a crucial role in 
their growth, development, and interactions with the environment. In recent 
years, biotechnology and combinatorial chemistry approaches have enabled the 
ef�cient and precise manipulation of metabolic pathways, leading to the produc-
tion of new or improved plant-based products with desired properties. 
Biotechnology approaches, such as metabolic engineering and synthetic biology, 
have emerged as powerful tool for genetic modi�cation of plant metabolic path-
ways to produce targeted volatiles. Combinatorial chemistry approaches, on the 
other hand, involve the screening and optimization of large chemical libraries to 
identify novel compounds with desirable properties. The combination of these 
two approaches provides a powerful platform for the molecular engineering of 
plant volatile compounds, enabling the development of new fragrances, �avors, 
and functional ingredients for use in a wide range of applications, including 
food, cosmetic, and pharmaceutical industries. Additionally, the molecular engi-
neering of plant volatile compounds has the potential to address global chal-
lenges, such as food security and sustainability, by providing new and improved 
plant-based products with enhanced nutritional and functional properties. In con-
clusion, the use of biotechnology and combinatorial chemistry approaches in the 
molecular engineering of plant volatile compounds is a rapidly growing area 
with signi�cant potential to revolutionize the production of plant-based products 
and address global challenges.
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11.1  Introduction 

Plants being sessile develop diverse strategies to compensate for this and protect 
themselves against challenges. One of these is the synthesis of several metabolic 
compounds that act as the language for plants to communicate with surrounding 
environments and with themselves. These compounds are grouped into two major 
categories: primary and secondary (Theis and Lerdau 2003). Only a small number 
of the incredible diversity of metabolites that plants create constitute the ‘primary’ 
metabolic pathways. These are commonly present in all species. Others, referred to 
as ‘secondary’ metabolites, are exclusive to smaller groups of plants (Pichersky and 
Gang 2000). These secondary metabolites are the results of many plant responses or 
certain demands. Volatile organic compounds (VOCs) have a starring role among 
these secondary metabolites (Dicke and Loreto 2010). VOCs are lipophilic low 
molecular weight compounds having high vapor pressure and a low boiling point at 
ambient temperatures. These properties make them amenable to cross the cellular 
membrane and being released into the environment (Pichersky et al. 2006). Plant 
VOCs can be released constitutively or in response to a range of stimuli and are 
produced by every type of tissue and vegetation as nitrogen-containing chemicals, 
green leaf volatiles, and aromatic compounds (Peñuelas and Llusià 2001; Dudareva 
et al. 2006; Holopainen and Gershenzon 2010; Holopainen et al. 2010). Intriguingly, 
VOC synthesis depends on the plant species as different plants utilize different 
metabolites to tackle similar problems. For instance, different flowers produce dif-
ferent odorous volatiles for attracting the same type of pollinator. The VOCs per-
form multifaceted functions in the plant system, namely, attract the pollinators, 
plant-to-plant communication, defense against predators and insects, and adaptabil-
ity to environmental stress and heat (Dudareva and Pichersky 2000; Mumm et al. 
2003; Baldwin et al. 2006; Heil and Karban 2010; War et al. 2012). They specifi-
cally contribute to food quality, biomass output, reproductive success, and many 
other significant agronomic aspects (Dudareva and Pichersky 2008). 

The current breeding and crop improvement programs for enhanced growth and 
yield had a negative impact on secondary metabolism, leading to a deficiency in 
VOC production in many current crop cultivars. For instance, Theobroma cacao 
blooms are tiny, hardly scented that only draw opportunistic flies and ineffective 
pollinators. On the other hand, wild Theobroma sp. flowers are huge, aromatic, and 
attract bees for their pollination (Young & Severson, 1994). The same patterns were 
seen for vegetal VOCs. The corn domestication resulted in the loss of (E)-b- 
caryophyllene which attracts pest-eliminating parasitic wasps and entomopatho-
genic nematodes thus, makes the plants more susceptible to insect pests (Tamiru 
et al., 2011). Similarly, growth-defense trade-offs are also seen in even more recent 
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cultivated crops. For instance, cranberries are derived from Vaccinium sp. wild 
 progenitor. However, compared to their lower-yielding relatives, high-yielding 
cranberry genotypes exhibit suppressed herbivore-induced sesquiterpene emissions 
(Rodriguez-Saona et al., 2011). Together, these demonstrate how poorly crop VOCs 
are adapted to support beneficial insects in agricultural settings. Additionally, 
despite their increased size and intensity, agricultural monocultures are becoming a 
bigger part of modern agriculture. Because of this decline in plant variety, the eco-
system services supplied by the arthropod community such as pest control by ben-
eficial insects and crop pollination are negatively impacted (Gardiner et al., 2010). 
Therefore, methods must be developed to address these issues and engineering 
VOCs is a viable technique for enhancing plant chemical variety as well as benefi-
cial insect diversification. 

These crucial functions of VOCs and their loss during crop domestication and 
improvement showed a great potential for biotechnological exploitation (Aharoni 
et al. 2005). Understanding the fundamental biochemical processes and identifying 
the genes and enzymes involved in the creation of volatile chemicals are prerequi-
sites for engineering the VOCs using biotechnological approaches. Additionally, the 
significant rise in the discovery of the genes and enzymes of volatile biosynthesis 
have resulted from a resurgence of interest in these subjects during the past 10 years. 
To date, numerous attempts have been undertaken to modify the volatile profiles of 
plants  – guarding against infections and abiotic stress, discouraging herbivores, 
affecting tritrophic relationships, and enhancing fruit and floral fragrances. The 
most evident biotechnological modulation application on these VOCs is modulation 
of their emissions in plants to enhance or repress their activities in order to accom-
plish specified outcomes. While some initiatives have succeeded in reaching their 
objectives, many others have only modestly improved volatiles or had unanticipated 
metabolic impacts, such as increased metabolism of the desired end products or 
harmful effects on plant growth and development. 

Here, in this chapter, we will briefly go over the production of VOCs, talk about 
bioengineering strategies and targets, and use case studies to demonstrate recent 
developments in these fields. We also offer an outlook on where these innovative 
and intriguing technologies might take us in the future. 

11.2  Classes and Biosynthetic Pathways of VOCs 

The biosynthesis of VOCs depends on the amount of building blocks present in the 
cells that is, carbon, nitrogen, and sulfur. On the basis of biosynthetic origin and 
chemical constitution, VOCs are divided into several classes: isoprenoids and terpe-
noids. In some cases, oxygenated VOCs (OVOCs), such as acetaldehyde (C2H4O), 
acetone (C3H6O), methyl-ethyl-ketone (MEK, C4H8O), methanol (CH4O), and 
methyl-vinyl-ketone (MVK, C4H6O), sulfur compounds (Brassicales), and furano-
coumarins (Asterales, Apiales, Fabales, and Rosales), are also reported (Berenbaum 
and Zanger 2008; Agrawal 2011). Herein, we will discuss the classes of VOCs:
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11.2.1  Terpenoids 

Terpenoids constitute the largest and most diverse class of VOCs. In plants, terpe-
noids biosynthesis was conducted through two pathways: the mevalonic acid (MVA) 
and methylerythritol phosphate (MEP). Isopentenyl diphosphate (IPP) and dimeth-
ylallyl diphosphate (DMAPP) serve as the main precursor for this biosynthesis 
pathway (McGarvey and Croteau 1995). Further, the MVA produces precursor for 
volatile sesquiterpenes and MEP pathway for monoterpenes (C10), diterpenes 
(C20), and hemiterpenes (C5). The MEP pathway occurs in plastid (C15) (Hsieh 
et al. 2008). On the other side, site for MVA pathway is unclear as previously it was 
shown to happen in cytosol later evidences suggest its location in endoplasmic retic-
ulum and peroxisome (Simkin et  al. 2011; Pulido et  al. 2012). According to 
Winterhalter and Rouseff (2001), plants also produce erratic volatile terpenoids 
with carbon skeletons ranging from C8 to C18 that are derived from carotenoids 
through a three-step modification process that starts with dioxygenase cleavage fol-
lowed by enzymatic transformation, and is finally converted to volatile compounds 
by acid. In rare instances, such as in Arabidopsis, tomato, petunia, and melon, the 
dioxygenase cleavage process itself can produce a volatile product from a variety of 
carotenoid pigments, such as a- and b-ionone, geranylacetone, and pseudoionone. 
The acyclic C11- and C16-homoterpenes 4,8,12-trimethyltrideca-1,3,7,11-tetraene 
(TMTT) and 4,8,12-dimethylnona-1,3,7-triene (DMNT) are irregular and are pro-
duced from GGPP and FPP, respectively. A cytochrome P450 monooxygenase- 
catalyzed oxidative breakdown follows the creation of the tertiary C15- and 
C20- alcohol precursors (E)-nerolidol and (E, E)-geranyl linalool, respectively, in 
the first of two enzymatic steps that make up their biosynthesis. 

11.2.2  Phenylpropanoid and Benzenoid Compounds 

The second largest VOCs are phenylpropanoid and benzenoid. They are synthesized 
from the phenylalanine (Phe) (Knudsen et al. 2006). Central carbon metabolism and 
Phe are linked via seven enzyme processes of the shikimate pathway and three of 
the arogenate pathway (Maeda & Dudareva, 2012). Phosphoenolpyruvate (PEP) 
and D-erythrose 4-phosphate (E4P), which are the direct precursors of the shikimate 
pathway, are produced by glycolysis and the PPP, respectively. Since the MEP sys-
tem depends on the same pathways for its precursors, it must compete with the 
shikimate/phenylpropanoid pathway for carbon allocation, especially since 30% of 
photosynthetically fixed carbon is diverted to Phe, mostly for the production of 
lignin (Razal et al., 1996). The 3-deoxy-D-arabino-heptulosonate 7-phosphate syn-
thase (DAHP synthase), the first gene in the shikimate pathway, is crucial for regu-
lating the carbon input into the process. The molecular processes behind this control 
in plants are, however, still largely unexplored.
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11.2.3  Fatty Acid Derivatives 

Next class of VOCs are fatty acid derivative compounds such as cis-3-hexenol, 
1-hexanal, methyl jasmonate, and nonanal. These are synthesized from linoleic and 
linolenic, that is, the C18 unsaturated fatty acids. A plastidic pool of acetyl-CoA 
produced from pyruvate (Pyr), the end result of glycolysis, is necessary for the bio-
synthesis of these fatty acids. Unsaturated fatty acids undergo stereospecific oxy-
genation once they enter the lipoxygenase (LOX) route, resulting in the intermediates 
9-hydroperoxy and 13-hydroperoxy, which are then further metabolized via the two 
branches of the LOX pathway, producing volatile chemicals. Only the 
13- hydroperoxy intermediate is used by the allene oxide synthase branch, which 
results in the synthesis of jasmonic acid (JA), which is then changed into methyl 
jasmonate by JA carboxyl methyl transferase. The hydroperoxide lyase branch, on 
the other hand, transforms both varieties of hydroperoxide fatty acid derivatives into 
C6 and C9 aldehydes, which are frequently reduced to alcohols by alcohol dehydro-
genases, and then further transformed into their esters. These saturated and unsatu-
rated C6/C9 aldehydes and alcohols, often known as green leaf volatiles, are 
typically produced by plants’ green organs in reaction to injury but also give fruits 
and vegetables their distinctive fresh green scent. 

11.2.4  Branched Chain Amino Acid Derivative 

Numerous amino acids, including alanine, valine, leucine, isoleucine, and methio-
nine, as well as intermediates in their biosynthesis, are the source of many volatile 
compounds, particularly those that are highly abundant in floral scents and fruit 
aromas. These compounds also contain sulfur and nitrogen. These amino acid- 
derived volatiles production in plants is thought to follow a similar path to that in 
yeast or bacteria, where these pathways have been more thoroughly investigated. 
Aminotransferases, much like in microorganisms, catalyze the first deamination or 
transamination of the amino acids, which produces the α-ketoacid. Decarboxylation, 
reduction, oxidation, and/or esterification can be applied to these α-ketoacids in 
order to produce aldehydes, acids, alcohols, and esters. Further, alcohol acyltrans-
ferases (AATs) catalyze alcohol esterification processes, and amino acids can serve 
as the precursors of these acyl-CoAs. 

11.3  VOCs Engineering: The Prerequisite Criteria 

To modify the VOCs for beneficial purposes can be achieved by four ways: (1) 
extract the VOCs from naturally occurring species, (2) create it using synthetic 
chemistry, (3) breed or engineer desired features in the target organism, and (4) 
engineer excessive VOCs production in a model organism. For a particular need, 
one or all of these methods may be appropriate.
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Where the desired VOC is abundant, extraction from natural sources may be 
feasible; nevertheless, natural sources infrequently provide enough for widespread 
industrial applications, and the volatility of these chemicals makes harvesting 
potentially impractical. Since almost two centuries, chemical synthesis has been 
used to create chemicals that are useful for agriculture; however, in the case of 
VOCs, these compounds are either overly complex or too expensive to synthesize at 
the required yields. Also, no synthetic pathway has been developed thus, making the 
production impossible. Furthermore, accurate chirality of these compounds is fre-
quently needed for biological activity and the synthetic synthesis is frequently not 
enantiospecific. In these circumstances, utilizing living organisms for production 
might be the only practical option. Since harvesting, transport, and application are 
not required, the production of the desired VOCs in the host/target organism can 
provide the benefit in most effective way. This process involves breeding and genetic 
engineering approach. However, this approach is also very complicated and requires 
a detailed understanding of the biology and biochemistry in a specific system. If the 
desired feature is present in the germplasm of interest, desirable qualities can be 
introduced through selective breeding and backcrossing. Despite the fact that some 
crop species, like maize, have genotypes that can contribute desirable volatile com-
ponents (Schnee et al. 2006), backcrossing to introduce these components into elite 
agricultural cultivars can be a time-consuming operation. Genetic manipulation can 
be employed to acquire genes from unrelated species when such germplasm is not 
present within the species. Even when germplasm is available, the latter method 
may be faster for cultivar development; however, the testing and regulatory require-
ments for genetically modified organisms (GMOs) may mean that the final product 
takes just as long as possible to reach the market. 

Bioproduction in microbial platforms like Saccharomyces cerevisiae or 
Escherichia coli may offer a solution in cases where natural sources are unable to 
produce the desired traits or yield, chemical synthesis is impossible, and/or breed-
ing and genetic engineering are impractical for biological, technological, or socio-
political reasons. Nowadays, for a wide range of different biochemicals, production 
in tightly regulated bioprocesses using engineered microorganisms is emerging as 
the preferred synthesis route (Vickers et al. 2012). 

11.4  Molecular-Assisted Engineering of VOCs 

Today, the engineering of VOCs was performed in (i) plants and (ii) microbes. In 
plants, this involves breeding and genetic engineering approaches. 

11.4.1  Engineering the Floral Volatiles 

The impact of changes in floral aroma on insect attractiveness has not yet been 
addressed, in contrast to metabolic engineering of vegetative volatiles where the 
effect of changing emission profiles on insect behavior was investigated. 
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Furthermore, as humans have a much lower odor threshold than insects, perception 
tests have often only included sensory evaluations (Vosshall 2000; Stockhorst and 
Pietrowsky 2004). The metabolic engineering of floral volatiles in these trials was 
deemed successful when the alterations in scent profiles were detectable by humans. 
For instance, the introduction of three citrus monoterpene synthases to transgenic 
tobacco allowed for the olfactorily perceptible augmentation of volatiles released 
from flowers and leaves (El Tamer et al. 2003; Lücker et al. 2004). In a different 
experiment, transgenic carnations with metabolic flux redirected from the anthocy-
anin route to benzoic acid produced more methylbenzoate, which was enough for 
human olfactory detection (Zuker et al. 2002). However, many more attempts to 
alter the scent bouquet failed for a variety of reasons, such as the lack of appropriate 
substrates for the introduced reaction (Aranovich et al. 2007), transformation of the 
scent compound into a nonvolatile form (Lücker et al. 2001), insufficient levels of 
emitted volatiles for human olfactory detection (Lavy et al. 2002), or masking of the 
introduced compound(s) by other volatiles. 

Another strategy that has lately been employed for smell modification is the 
removal of some volatile components from the floral bouquet. Using RNA interfer-
ence (RNAi)-mediated posttranscriptional gene silencing, it was possible to create 
transgenic petunias devoid of methylbenzoate (Underwood et al. 2005), phenylacet-
aldehyde (Kaminaga et al. 2006), benzylbenzoate and phenylethylbenzoate (Orlova 
et al. 2006), and isoeugenol (Dexter et al. 2007). With the exception of the plants 
that emit less methylbenzoate, the impact of these modifications on human percep-
tion has not yet been investigated. The panelists have unfavorable response in this 
cases as according to them the modified flowers were not able to produce desired 
level fragrance (Dexter et al. 2007). 

11.4.2  Improvement of Aroma Quality of Fruits, Vegetables, 
and Herbs 

The olfactory characteristics and flavor of fruits are significantly influenced by vola-
tiles (Goff and Klee 2006). In the natural world, volatiles make fruits more alluring 
thus helping in the spreading of the seeds. Several efforts have been made to enhance 
the aroma of fruits by utilizing breeding strategies. For instance, in tomato, crossing 
with its relative L. peruvianum reintroduced the desired volatile compounds thus, 
enhancing the aroma (Kamal et al. 2001). However, the monitoring of the compli-
cated aroma trait is necessary for this process which is time-consuming and tedious 
process. Since it is still not possible to forecast how people would react to a certain 
mixture of volatile substances and volatile collections an analysis must first be car-
ried out with pricey GC-MS instruments, and human evaluations must then addi-
tionally be carried out by subjective test panels. Further, due to interspecific diversity 
in the capacity to identify particular molecules and the lack of a common vocabu-
lary to characterize particular odors, human perception of smells is very subjective. 
In fact, these issues have made it less common for breeding initiatives to prioritize 
the aroma trait.
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Some of the shortcomings of traditional plant breeding can be abridged by 
genetic engineering and aroma trait of the fruits can be improved. Genetic engineer-
ing has the benefit of being less complicated because it introduces one attribute at a 
time (McCaskill and Croteau 1998; Pichersky and Dudareva 2007). The insertion of 
genes whose coding information may not be present in the crop is another benefit. 
However, the general issues and traps of genetic engineering for biochemical prop-
erties are as follows: (1) If the generation of the desired volatile is the end result of 
a lengthy metabolic pathway, the addition of a single gene is unlikely to result in a 
significant production of the desired volatile. (2) A single new volatile is often 
improbable to modify the consumers’ perceptions about the aroma and flavor qual-
ity of the produce. 

Early attempts to solve these issues involved overexpression of the yeast 
D9-desaturase (Wang et al. 1996) and a nonspecific alcohol dehydrogenase (ADH) 
(Speirs et al. 1998; Prestage et al. 1999) in tomato fruit. The amounts of different 
aroma compounds such as (Z)-3- hexenol and (Z)-3- hexenal as well as the propor-
tions of aldehydes to alcohols were altered in these transgenics. As per taste panel-
ists, the higher alcohol content in these transgenic fruits provided more potent ripe 
flavors (Speirs et al. 1998); however, none of these changes added any novel scent 
components. 

The first attempt to introduce a new compound to fruit flavor was the introduc-
tion of the Clarkia breweri linalool synthase (LIS) gene into tomato under the con-
trol of the fruit specific E8 promoter. As a result, small amount of linalool and its 
oxidation product, 8-hydroxylinalool, were accumulated in the fruit, and both sub-
stances could be detected by GC-MS as well as human nose (Lewinsohn et  al. 
2001). This metabolic modification was successful because linalool is produced by 
LIS from geranyl diphosphate (GPP) in a single step and GPP is a precursor in the 
synthesis of carotenoids, a pathway that is very active in ripening tomato fruits. 

Davidovich-Rikanati et al. (2007) expressed geraniol synthase (GES) in tomato 
under the promoter of polygalacturonase, another fruit ripening-specific promoter, 
to produce a considerably higher influence on flavor perception. Geraniol is another 
acyclic monoterpene alcohol that can be made from GPP and can easily be con-
verted to geranial by nonspecific alcohol dehydrogenases, in contrast to linalool, 
which is a tertiary alcohol and its hydroxyl group cannot be further oxidized 
(Davidovich-Rikanati et al. 2007). Large levels of geraniol were produced by GES- 
transgenic tomato fruit, which significantly reduced pigmentation. Additionally, 
geraniol was further metabolized by transgenic fruits into geranial, which naturally 
tautomerized into neral. Citral, a concoction made from neral and geranial, has a 
powerful lemon flavor. Additionally, geranial and neral underwent metabolism to 
form geranic and neric acids, respectively. Nerol, citronellol, citronellal, citronelic 
acid, citronellyl acetate, and rose oxide were created by further modifications of 
geranial and neral (Davidovich-Rikanati et  al. 2007). A test panel of 34 persons 
evaluated these transgenic fruits, and the majority of the participants (80%) said that 
the fruits had a stronger aroma and that they preferred the transgenic fruits over the 
non-transgenic ones.
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The development of volatile plant production in vegetative plants for human 
 consumption has lagged behind that of tomato fruit. However, recent efforts to 
increase the production of terpenes that humans prefer (such as menthol) and 
decrease the synthesis of unfavorable substances (such as menthofuran) in pepper-
mint have only partially been effective (Mahmoud and Croteau 2001, 2003; 
Mahmoud et al. 2004). While other transgenic plants showed a slight increase in the 
amounts of limonene, a cyclic monoterpene, antisense technology was used to cre-
ate transgenic plants with a 50% drop in the concentration of menthofuran. However, 
a review of consumer reactions to these transgenic mint plants fragrance qualities 
has not yet been conducted. 

11.4.3  Engineering the VOCs for Plant Defense 

It has been widely established over the past decades that plants release more than 
200 distinct volatile chemical compounds in response to herbivore attacks (Dicke 
and Van Loon 2000). These released volatiles may directly inebriate, repel, or dis-
courage herbivorous insects (Bernasconi et  al. 1998; Kessler and Baldwin 2001; 
Vancanneyt et al. 2001; Aharoni et al. 2003; Seybold et al. 2006) or they may draw 
predators and parasitoids that would ordinarily prey on the offending herbivores, 
thereby indirectly protecting the signaling plant from further harm (such as through 
tritrophic interactions) (Arimura et al. 2004; Degen et al. 2004; Mercke et al. 2004). 
The progression in biotechnology approaches and growing research indicating the 
role of VOCs in plant defense attracts scientists to modulate the volatiles in order to 
improve defense of agricultural and forest ecosystem. This provides an alternate 
biological pest management strategy. However, in order to successfully strengthen 
plant defense, a number of conditions must be fulfilled (Degenhardt et al. 2003). 
First, the area where the crop is planted must have herbivore enemies that can effec-
tively manage the herbivore population. Second, the newly introduced or improved 
plant volatile blends must include significant herbivore adversary’s principal attrac-
tants, and volatile emission must coincide with herbivore activity. Finally, the vola-
tiles that have been produced should not make the plant attractive to other 
non-herbivores. 

To date, engineering in several plant species enhance the plant herbivore defense 
strategies via emitting appropriate VOCs. For instance, the overexpression of straw-
berry nerolidol/linalool synthase gene (FaNES1) in Arabidopsis and potato enhances 
the production of linalool, thus preventing the plants from aphids. However, the 
protecting strategy differs in these plants – in Arabidopsis the FaNES1 transgenics 
deter the aphid Mysus persicae while in potato it enhances tritrophic interactions by 
attracting the predatory mites. In another study in Arabidopsis, the FaNES1 was 
overexpressed in mitochondria where sesquiterpene precursor farnesyl diphosphate 
(FPP) is present. This results in the production of (3S) (E) nerolidol and C11 homo-
terpene 4, 8 dimethyl 1, 3 (E), 7 nonatriene [(E) DMNT] compounds which enhances 
the attractiveness of plants toward Phytoseiulus persimilis, a predatory mite that are 
natural enemy of spider mites (Kappers et al. 2005). Another successful instance 
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was the overexpression of the maize terpene synthase gene, that is, TPS10 in 
Arabidopsis. The generated transgenic plants strongly emit a number of sesquiter-
penes that are generally released in maize during herbivory by lepidopteran larvae. 
The female parasitic wasp Cotesia marginiventris, which had previously experi-
enced oviposition on larvae of the potential host, found these transgenic plants to be 
more alluring (Schnee et  al. 2006). Furthermore, transgenics of tobacco overex-
pressing patchoulol synthase (PTS) causes production of the volatile patchoulol and 
13 additional sesquiterpene which deter the tobacco hornworms. It was also 
observed that the majority of tobacco hornworms had moved from the leaves of the 
transgenic plants to the leaves of wild-type plants and consumed 20–50% more of 
the wild-type plants in 6 h (Wu et al. 2006). 

Terpenoids have not been the only volatile signals that have been subject to meta-
bolic engineering in direct and indirect defenses. The fatty acid derived VOCs were 
also modified by the researchers. Transgenic tobacco plants overexpressing either 
the yeast acyl-CoAD9 desaturase or the insect acyl-CoA D11 desaturase produced 
more (Z)-3-hexenal, a significant green leaf volatile. The expression of these trans-
genes causes increased level of 13-lipoxygenase activity and 16:1 fatty acid, which 
catalyzes the initial step in the formation of hexenal from α-linolenic acid (Hong 
et  al. 2004). Although the impact of increased levels of (Z)-3-hexenal on insect 
behavior was not examined in this study, the detrimental impact of this substance on 
aphid performance was shown in transgenic potato plants with lower levels of the 
hydroperoxide lyase enzyme, which is in charge of cleaving fatty acid hydroperox-
ides to C6 aldehydes (Vancanneyt et al. 2001). 

11.5  Limitations of Engineering the VOCs in Plants: 
The Unwanted Side 

Plant metabolic engineering is still in its infancy compared to microbials as their 
metabolic processes are substantially less complex. Though, significant advance-
ment in biotechnology approaches provides us a significantly better understanding 
of biosynthetic pathways, regulation, compartmentalization, as well as the general 
biology of plant volatile-mediated compounds and their interactions, however, still 
our limited knowledge of the plant systems and the unique difficulties posed by 
engineering volatiles continue to be some of our limitations. The major limita-
tions are: 

11.5.1  Detrimental Effect on Growth and Development 

The researches have shown the potential of genetic engineering to strengthen plant 
defense as well as the part that particular volatile molecules play in interactions 
between plants and insects. Despite these advancements, they have also shown how 
genetic changes affect plant growth and development and identified several obsta-
cles to obtaining effective production of the necessary volatiles. While the levels of 
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isoprenoids derived from plastids, such as chlorophylls, lutein, and β carotene, were 
not affected by the divergence of carbon to linalool production in Arabisopsis via 
FaNES1 overexpression, it did result in a growth-retardation phenotype that was 
passed down through multiple generations of transgenic plants (Aharoni et  al. 
2003). A more severe phenotype was produced by the linalool-emitting transgenic 
potato; plants had bleached leaves after being moved from the in vitro to the green-
house in addition to growth retardation (Aharoni et al. 2006). Due to the expression 
of PTS combined with FPP synthase, both of which are targeted to the plastids, 
transgenic tobacco that produces high levels of patchoulol also exhibits leaf chloro-
sis, vein clearing, and shortened stature (Wu et al. 2006). These reported phenotypes 
might result from the loss of isoprenoid precursors for other metabolites necessary 
for plant growth and development, or they might be the result of the harmful effects 
of the newly introduced terpenoids on plant cells. 

11.5.2  Product Alteration 

For volatile spectrum engineering to succeed it is crucial to create and emit enough 
of the appropriate molecules. The full biochemical toolkit of the plant employed 
will determine the metabolic destiny of newly produced molecules. Predicting how 
much of the intended molecule will actually survive in the desired form is difficult 
since the biochemical repertoire of each plant species is not completely understood. 
For instance, enzymes with broad substrate specificity that are typically found in 
cells, such as glutathione transferases, hydroxylases, dehydrogenases, glycosyl 
transferases, and others, may have an impact on freshly generated molecules 
(Dudareva et al. 2004). Currently, little is known about these enzymes in general 
and their precise distribution in various plant species. Research suggests that these 
broad substrate specificity enzymes work as competing enzymes and drain the inter-
mediate/product of the pathway, often generating the unwanted products. This issue 
is more problematic when pathway involve multiple steps. In FaNES1 Arabidopsis 
transgenic plant, the generated linalool was exposed to hydroxylation and glycosyl-
ation by endogenous enzymes (and some of the nerolidol generated was degraded 
to the C11 homoterpene (E)-DMNT). Thus decreasing the overall concentrations of 
linalool produced (Aharoni et al. 2003). 

11.5.3  Nonspecificity of the Enzymes 

Nonspecific catalytic activity of the enzymes makes the outcome of metabolic engi-
neering unpredictable. For instance, peppermints (E)-β-farnesene synthase enzyme 
can produce terpinolene, myrcene, and limonene from GPP; however, it can also 
produce δ-cadinene and (E)- and (Z)-β farnesene from FPP (Crock et al. 1997). This 
can be overcome by targeting specific subcellular organelle; however, it may affect 
the catalytic efficiency of the enzyme. Targeting of FaNES to the mitochondria 
mainly produces nerolidol while the plastid resulted in linalool production (Aharoni 
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et al. 2003; Kappers et al. 2005). Moreover, the enzymes may also behave differ-
ently in vitro and in vivo due to difference in biochemical conditions and cofactors 
(Ginglinger et al. 2013). 

11.5.4  Complex Interspecies Interaction 

Plants frequently emit volatiles to draw in advantageous interactions. The equilib-
rium is delicate and these interactions are often distraught. For instance, in the 
Cucurbita pepo var. texana (wild Texas gourd), boosting volatile production 
increased the attraction of florivores and decreased the production of seeds. 
However, it did not improve the attraction of pollinators (Theis & Adler 2012). 
(E)-caryophyllene an antibacterial and mutualist attractant volatile component in 
Huang et al. (2012) is currently the focus of various engineering initiatives for its 
advantageous properties. But it competes with the aphid alarm pheromone 
(E)-farnesene (Vet & Dicke 1992). Tritrophic interactions can also be hampered by 
the production of isoprene (Loivamäki et al. 2008) and even (E)-farnesene at large 
concentrations. With these examples, we can say that appropriate gene expression 
control may be able to reduce potential cost-benefit scenarios. 

11.6  Generating Desired VOCs Via Microbial Engineering 

Although engineering plants is undoubtedly the most direct way to change how 
plants and the environment interact, but doing so comes with a number of draw-
backs. An alternate strategy is to engineer microbes to produce certain products, 
which can then be applied as needed. For instance, a volatile attractant or repellant 
may be released from a reservoir into a field of crops at the right moment. The rela-
tively straightforward metabolism, ease of genetic modification, well-developed 
engineering tools, and speed of engineering in microorganisms over plants are 
important advantages of engineering. Furthermore, it is much more practical to har-
vest volatiles in a controlled fermentation setting than it is to harvest them from 
plants for large-scale industrial production. Additionally, because microbial biopro-
cesses based on fermentation are less susceptible to the whims of seasonality, cli-
mate, and pest or disease attack, the circumstances of the bioprocess, including 
production yields (and thus, market pricing) may be more constant. 

The first stage in creating a microbial cell factory to create volatile compounds 
is to select an appropriate production host. Here, it is important to take into 
account factors (1) native ability to produce VOCs, (2) genetic engineerability, 
(3) competition with essential requirements, (4) potential toxicity of the end 
product, and (5) potential to carry out desired biotransformation. The wide range 
of microbes may be utilized to produce VOCs; however, up to now majority of 
engineering has been done in the widely used model microorganisms, that is, 
E. coli and S. cerevisiae. One should also note that the production of VOCs also 
varies upon the strain of the host used. Next the genetic capability must be 
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imported after the host organism has been chosen. Plant genes are frequently 
employed for this. The introns need to be removed in yeast and E. coli to main-
tain a continuous protein coding sequence. The signal peptides or other targeting 
sequences (e.g., chloroplast targeting region in case of plant chloroplast protein) 
must also be eliminated. As a result, eliminating the targeting peptide causes 
microorganisms to produce more of the desired chemical (Burke & Croteau 
2002; Vickers et al. 2011; Bott et al. 2012). Also, the precise truncation site is 
crucial since it might have a big impact. Sequence alignment with microbial 
homologs that lack targeting sequences and closely related genes that have already 
been characterized can be used to help choose truncation sites in these cases; 
however, for a completely uncharacterized gene, it is wise to test several trunca-
tions. Codon- optimizing plant isoprenoid genes to alter codon usage toward the 
host’s preference can also improve translation (Anthony et al. 2009; Bott et al. 
2012; Calabria et al. 2013). Finally, selection of an appropriate expression system 
[promoter and terminator sequences, plasmid expression systems or chromosomal 
integration, variable copy number (plasmid/chromosome), etc.] is required. 
Balancing all of these elements appropriately may have a substantial effect on the 
overall success of the project. For biotechnological applications, strict product 
and enantiomeric specificity is often required. As discussed above, many isopren-
oid synthases have relaxed substrate/product specificities, and catalytic activities 
of different terpene synthases can vary widely (Schomburg et al. 2013). 

11.7  Conclusion and Future Direction 

The cultivation of many plant species is significantly influenced by the volatile com-
pounds found in fruits, vegetables, and herbs. However, very less focus is given on 
boosting or even maintaining volatile production as significant breeding programs 
are undertaken to improve certain food qualities such as overall yield, total solids, 
sugar content, or pigmentation. Therefore, compared to their wild cultivars, many 
modern cultivars of domesticated plant species produce fewer volatiles (Gutterson 
1993). Progression in breeding programs can enhance this loss of genetic diversity 
in volatile compounds. Plants release volatile substances into the rhizosphere from 
their roots, a fact that has only lately been recognized (Chen et al. 2004; Rasmann 
et al. 2005; Bouwmeester et al. 2007). These volatiles may support the plant’s abil-
ity to both draw in and repel helpful microbes. They might also be helpful in inter-
species plant competition (Horiuchi et al. 2007). However, it has been demonstrated 
that some parasitic plants detect their hosts by using underground volatile chemicals 
(Bouwmeester et al. 2007). There have not been any reports of attempts at genetic 
engineering to alter root volatile emission in order to increase plant fitness, but this 
is obviously a very promising field for future research.
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12 Application of Mathematical Modelling 
and Statistical Approaches to Boost 
the Industrial Application of Plant 
Volatiles 
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Abstract 

Plant volatiles possess inherent biological properties with potent industrial appli-
cation in diverse 
eld such as agriculture, medicine, and food sector. However, 
the complex chemical pro
le and biological activities of plant volatile are often 
in�uenced by several intrinsic and extrinsic parameter such as extraction meth-
ods, temperature, moisture, relative humidity, pH, water activity (aw), and oxida-
tion reduction potential of substrates. Hence, the exploration of optimized 
conditions to enhance the effectiveness of volatile oils could boost the industrial 
application of plant volatiles. This chapter deals with the use of mathematical 
modelling approaches in combination with the experimental design strategies to 
optimize the intrinsic and extrinsic environmental factors to boost biological 
activities of plant volatiles. 
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12.1  Introduction 

Essential oils are cocktail mixture of biologically active compounds often extracted 
from different parts (root, leaves, stem, bark, and fruits) of aromatic plants. In gen-
eral, essential oils harbor tremendous biological properties against a range of 
microbes, oxidative deterioration, and insect pests due to its inherent wide range of 
chemical profiles such as terpene, terpenoids, and phenylpropanoids (Prakash et al. 
2015). The chemical profile of essential oils was often affected by different plant 
species, plant parts, geographical location, and storage conditions, which influence 
their biological properties. Hence, the extraction process and biological properties 
need to be optimized to obtain the desirable results, hence, the use of mathematical 
modelling, statistical approaches in combination with the experimental design strat-
egies could be used to optimize the intrinsic and extrinsic environmental factors and 
to boost biological activities of plant volatiles. 

Mathematical modelling is algorithms which represent a real-world system or 
process based on the developed mathematical equations. The classical method of 
the optimization process was based on changing the selected independent variable 
with the fixing of the other variables. However, the major obstacle of conventional 
methods is its time consuming, quite laborious and often not suitable to consider the 
interaction among the selected variables. Hence, the response surface methodology 
and central composite rotatable design (CCRD) that deal with the methodical and 
statistical approaches have been widely used to determine the corelation between 
selected independent variables and their responses (Kılıç et al. 2013, 2014). The 
simplex centroid design method is one of the currently used mathematical optimiza-
tion techniques to find the global minimum or maximum of a function with multiple 
variables (X1, X2, and X3 as independent variables, while (Y1), (Y2), and Y3 as the 
response variables). Hence, these methods could be used to optimize the different 
factors, such as temperature, pH, and substrate composition, often associated with 
the yield and biological properties of essential oils to develop cost effective prod-
ucts. The chapter provides an overview of mathematical modelling, experimental 
design approaches, recent report on their effective utilization in different field, and 
potential application to boost the industrial application of plant volatiles. 

12.2  Experimental Designs 

To develop a hypothesis and the study of the relationship between independent and 
response variables, in this chapter, mathematical modelling approaches such as the 
simplex-centroid design method and central composite rotatable design in combina-
tion with the full-factorial design, fractional factorial design, Plackett–Burman 
design, and Box–Behnken design were explored. 
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12.3  Simplex-Centroid Mixture Design 

Simplex-centroid mixture design is an augmented assay which have often been used 
to optimize the desired biological properties of plant volatiles and other biologically 
active compounds which can significantly contribute to the development of syner-
gistic cost-effective products effective at low doses with desirable effects. In gen-
eral, a total of 10 different formulation could be designed based on the selected 
adjustment parameters (X1, X2, and X3) in a triangle. The triangle vertices points (1, 
2, 3) correspond to the selected adjustment parameters, that is, X1, X2 and X3; points 
4, 5, and 6 (binary mixture) and point 7 represent the equal proportion of com-
pounds; and points (8, 9, 10) are augmented. The best-fitted combination could be 
explored using mathematical model Eq. (12.1): 

 
Y X X X X X X X X X X X  X= + + + + + +α α α α α α α1 1 2 2 3 3 12 1 2 13 1 3 23 2 3 123 1 2  3  (12.1) 

Y: Response of optimized test biological properties as dependent variable; (α1, α2, 
α3), (α12, α13, α23), and α123, linear, binary and ternary terms coefficients; X1, X2, and 
X3 denote the selected adjustment parameter and their proportions in the mixture. 

Kumar et  al. (2020) developed antifungal formulation based on combination of 
trans-cinnamaldehyde (C), methyl eugenol (M), and estragole (E) using Simplex- 
centroid mixture design. They have reported the effective combination ratio (4:1:1 of 
trans-cinnamaldehyde (C), methyl eugenol (M), and estragole (E)) exhibited synergistic 
antifungal activity against the toxigenic species of Aspergillus flavus and aflatoxin B1. 

Kumar et  al. (2019a, b) reported the mixture formulation of selected volatile 
compounds (thymol (T), methyl cinnamate (M), and linalool (L)) exhibited 
enhanced antifungal activity against the fungal species associated with the food 
spoilage and aflatoxin B1 contamination. Further, authors have reported the mecha-
nism of action which was found to be related with membrane perturbance due to 
decrease in ergosterol contents, elevation in membrane ion leakage, and utilization 
of different carbon-source required for the normal physiological functioning, mito-
chondrial dysfunction, change in anti-oxidative defence (SOD, CAT, and GR), and 
genes involved in aflatoxin B1 biosynthesis process. 

In a similar observation Kumar et al. (2019a, b) reported that the nanoencapsula-
tion of optimized antifungal formulation based on mixture of eugenol, t-anethole, and 
menthol at 1:1:4 exhibited potent antimicrobial effects against food-selected fungi 
and aflatoxin B1 producing toxigenic species of Aspergillus flavus (EC-03). The 
authors also elucidated the detailed mechanism of toxicity and without any significant 
effects on organoleptic profile of Eleusine coracana millet grain and recommended 
the use of mixture design for the development of green chemical for food safety. 

Kumar et  al. (2022) developed the antifungal formulation based on different 
ration of citral (C), geraniol (G), and terpineol (T) using the augmented simplex- 
centroid design and reported that the nanoencapsulated formulation exhibited 
enhanced antifungal property in vitro and in vivo condition. They have also explored 
the mechanism of toxicity and safety assessment based on in silico and quantitative 
structure-activity relationship (QSAR) approach. 
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Yadav et al. (2021) reported the antifungal formulation by the combination of 
different ration of traditionally used spices essential oils Myristica fragrans (M), 
Bunium persicum (B), and Zanthoxylum alatum (Z) (1:1:1  v/v/v) using mixture 
design assay. The authors also reported the pesticidal mode of action and safety 
limit profile using in silico approaches. The developed formulation showed strong 
pesticidal effects against the toxigenic species of Aspergillus flavus, aflatoxin B1 
production, and pulse beetle insect pest Callosobruchus chinensis. 

Gupta et al. (2023) reported that adjuvant antifungal formulation based on com-
bination of Carum carvi, and Illicium verum essential oils and methyl anthranilate 
compound using mathematical modelling approach. Further, the developed formu-
lation was encapsulated inside the chitosan, and it was reported that the nanoencap-
sulated formulation shows enhanced antifungal, aflatoxin B1inhibition, and also 
protects the biodeterioration active ingredients of selected herbal raw material of 
Piper nigrum, P. longum, Andrographis paniculata, Silybum marianum, and 
Withania somnifera, often used in Ayurvedic formulation. They recommend the 
developed antifungal adjuvant formulation as green chemical agent to enhance shelf 
life of herbal raw materials. 

Crespo et al. (2019) reported the synergistic formulation possess enhanced anti-
oxidant activity based on different ratio mixture of traditionally used aromatic plant 
essential oils such as Apium graveolens L., Thymus vulgaris L., and Coriandrum 
sativum L., using the simplex mixture design. The antioxidant effects were found to 
be superior for the ratio (66.7% of T. vulgaris, 16.7% of C. sativum, and 16.7% of 
A. graveolens) of EOs determined by ferric-reducing antioxidant power (FRAP) 
and 2,2′-azino-bis-3-ethylbenzthiazoline-6-sulphonic acid (ABTS) techniques. 

Chraibi et al. (2023) studied the antimicrobial effects of synergistic composition 
prepared based on combination of essential oils of Thymus satureioides, Myrtus 
communis, and Artemisia herba alba using simplex-centroid design and optimized 
the antimicrobial effect against pathogenic microbial species such as Escherichia 
coli, Staphylococcus aureus, and Candida tropicalis. They have reported that the 
best mixture composition (T. satureioides (60%) and M. communis (40%), T. satu-
reioides (72%) and A. herba alba (28%), and thyme (75%) and mugwort (25%)) of 
essential oils exhibited highest antimicrobial effect against test microbes. 

Soulaimani et al. (2022) reported the optimized antibacterial effects of mixture 
of Ammodaucus leucotrichus Cosson, Thymus vulgaris L., and Lavandula maroc-
cana (Murb.) essential oils against three multidrug-resistant bacteria using aug-
mented simplex-centroid design. They have reported the optimal EOs mixture (55% 
T. vulgaris, 41% L. maroccana, and 4% A. leucotrichus), which significantly lowers 
the minimum inhibitory concentration required for the growth inhibition of 
Staphylococcus aureus, Escherichia coli, and Pseudomonas aeruginosa.  

Jafarizadeh-Malmiri et  al. (2022) prepared the nanoemulsion of essential oil 
mixture composition containing three different spices plant such as ginger, cinna-
mon, and cardamom. They reported the best essential oil-based formulation con-
tained the 10% ginger, 68% cinnamon, and 22% cardamom and recommended it as 
a potential source of natural food preservatives with highest zeta potential and anti-
oxidant and antibacterial activity. 
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12.4  Checkerboard Method 

In order to assess the combined effects of selected biologically active compounds to 
enhance their industrial application in different sectors, checkerboard design is of 
the most widely used method which provides accuracy between in vitro and in vivo 
observation. This method can be used to explore the possible synergism, additive, 
and antagonistic effects between the different combination of selected compounds. 
The obtained data were interpretated based on fractional inhibitory concentration 
index (FICI) and ΔE model (response surface approach, Segatore et al. 2012). 

Bhattacharya et al. (2023) prepared the synergistic antifungal formulation using 
checkerboard method based on mixture of Aegle marmelos (L.) Correa essential oil 
and commercial antifungal drug (amphotericin B and fluconazole) and reported the 
effective combination (2MIC of oil (0.625%) and ½ MIC of fluconazole (0.312 mg/ 
ml) and ½ MIC of oil (0.156%) and MIC of amphotericin B (1.25 mg/ml)) as the 
best combination against human pathogen Candida albicans ATCC90028 with 34- 
and 65-fold increases of individual fluconazole and amphotericin B. 

Sharma et al. (2023) developed an essential oil-based gel formulation to enhance 
the shelf life of apples against the postharvest rot of apples caused by Aspergillus 
foetidus. They have explored the combinatorial treatment of Monarda citriodora 
essential oil (MEO144.23 μL L−1 air) and hexanal (96.15 μL L−1 air) exhibited syn-
ergy (FICI 0.375). The phytotoxicity effects of combinatorial treatment of Monarda 
citriodora essential oil and hexanal was successfully overcome by the gel formula-
tions based on their different combination with a synergistic effect and increment in 
antioxidant activity and total phenolic content in the stored apples. 

Magi et al. (2015) investigated the antibacterial efficacy of selected essential oils 
such as Origanum vulgare, Thymus vulgaris, Lavandula angustifolia, Mentha 
piperita, and Melaleuca alternifolia against 32 erythromycin-resistant bacterial 
species. They have reported the synergistic antibacterial effect for the combination 
of carvacrol and erythromycin by the checkerboard assay based on the calculation 
of the Fractional Inhibitory Concentration (FIC) Index. Results suggested that a 2- 
to 2048-fold reduction of the erythromycin minimum inhibitory concentration. The 
synergy (FIC Index ≤0.5) was reported in 17/23 strains using 24-h time-kill curves 
in combination based on carvacrol and erythromycin. 

da Silva et al. (2023) reported the possible synergism between the essential oils 
and commercially available antibiotics, resulting in the reduction of the required 
dosage of synthetic antibiotics against the resistant pathogens. The synergy was 
explored based on minimum inhibitory concentration (MIC) in microplates by a 
checkerboard assay. The synergistic interaction (IFIC <0.5) was observed for 
Poiretia latifolia essential oil, reduced the three times reduction in MIC of gentami-
cin against all microorganisms except for E. coli (FICI = 3) indicated indifference 
in their interaction. Similarly, the combination of the antibiotic and Lithraea mol-
leoides essential oil exhibited synergism against B. cereus (IFIC = 0.4 and 0.5), but 
was indifferent for the other microorganisms. 

Jafri and Ahmad (2020) explored the in vitro synergy between essential oils and 
antifungal drugs in sessile and planktonic mode of growth using a checkerboard 
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microtiter assay. The possible interaction between the thyme oil, thymol with com-
mercial antifungal drug fluconazole, and amphotericin B were evaluated against 
Candida strains. The result indicated that the thyme oil and thymol exhibited syn-
ergy with fluconazole in planktonic as well as biofilm mode against the growth of 
C. albicans and C. tropicalis. Similar synergy was observed for amphotericin B 
combination effective against only for planktonic Candida cells. 

12.5  Response Surface Methodology (RSM) 

RSM is one of the widely used statistical technique to optimize the developed model 
and analyze the all-possible relationship between a response variable and numerous 
independent variables. These techniques could be used to optimize the conditions 
for a process or experiment, such as essential oil extraction (Pereira et al. 2021). 

12.5.1  Central Composite Rotational Design 

The central composite rotational design is one of the most common methods cur-
rently being used in response surface modelling for the optimization of independent 
factor on mixture combination to get the desired results (Pereira et al. 2021). This 
method design explores the first-order and second-order (quadratic) term. This kind 
of design happens to be effective when both axial points play the role of factorial 
points in central composite design. More often the central points are augmented 
with the axial points. These points are arranged in such a manner from the center at 
the same distance, ensuring that all places on a centered sphere at the origin have 
equal probability of receiving the available answer. One of important aspect of CCD 
is rotatability, which implies that the prediction error is same from all the points to 
the central points from the same distance. The second-order mathematical model 
under CCRD is shown in the form of Eq. (12.2): 
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where Z is the response, α0is the intercept, αivalues represent the coefficient of the 
main effects, αij are the coefficients of interaction effects, αii are the second-order 
terms, and ε is the random error component that is determined by fitting the model 
to the data. The star point lies outside the desired range and the center point, repre-
senting the experimentally desired range, helping in determination of response sur-
face plot. The precise calculation of surface responses helps in finding the appropriate 
value for α. This quadratic design consists of factorial (−1, +1) and axial (−α, + α) 
points and of repetitions at the central point, which provides properties such as 
orthogonality and rotativity to the adjustment of quadratic polynomials. The axial 
points (2 k) offer the detailed analysis of curvature under evaluation and estimation 
of new extremes for all the study factors in high and low configurations. This design 
is useful because it provides full knowledge of responses with the smallest number 
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of experiments [36, 44]. The number of experiments for this design can be obtained 
from Eq. (12.3): 

 N n n= +  +2 2 µ  (12.3) 

where n represents the number of factors and μ represents the number of replicates 
of the central point. The value of α can be determined according to the calculation 
possibilities and offer precision, which can be traced from surface responses. The 
positioning of α values enhances the quality of the design or estimation under obser-
vation. The rate offered by design is identified by determining the proper position-
ing of the points. The evaluation of the estimation many a times influenced by the 
number of trials at the center of the domine to estimate precise the coefficients’ 
variability and responses, quality by design approach is fundamental need. One of 
important aspect of CCD is rotatability, which implies that the prediction error is 
same from all the points to the central points from the same distance. 

Azarifar et  al. (2019) reported the antibacterial effects optimized formulation 
(gelatin-based nanocomposite films) based on varied concentration of selected com-
pounds such as carboxymethyl cellulose, chitin nanofiber concentrations, and 
Trachyspermum ammi essential oil by response surface methodology (RSM). The 
optimization was done based on selected and varied parameter such as contact 
angle, tensile strength, strain at break, and lightness, and antibacterial activity, mini-
mizing water vapour permeability, solubility, swelling, yellowness index, and total 
color difference. They have reported the optimal values of carboxymethyl cellulose 
(15.83 wt%), chitin nanofiber concentrations (3 wt%), and Trachyspermum ammi 
essential oil (0.74 (v/v%),) for composition of the gelatine film. 

Rezzoug et al. (2005) studied the effects of different optimized parameter such 
as processing pressure (410 kPa), time (15.8 min), and the initial moisture content 
of leaves (0.40 gH2O/g) on global extraction yield and extraction yield of oil com-
ponents. Based on RSM results, authors reported that the processing pressure and 
processing time as the foremost parameters which influence the yield and the chem-
ical constituent of essential oils. 

Sutaphanit and Chitprasert (2014) explored the optimum encapsulating condi-
tions for holy basil oil using RSM considering two independent variables (X1: gela-
tin concentrations (4–16% w/v) and X2: holy basil essential oil amounts 
(7.5–37.5 ml)) and three response variables yield (Y1), oil content (Y2), and encap-
sulation efficiency (Y3). They have reported the gelatin concentration (11.75% 
(w/v)), and an oil (31 ml) as an optimized condition for enhanced yield, oil content, 
and encapsulation efficiency. 

Zermane et al. (2014) explored the potential application of RSM methodology 
on optimization of Myrtus communis L. leaves essential oil using supercritical fluid 
extraction process. The optimization conditions selected for the extraction recovery 
study were range of pressure (10–30  MPa), temperature (308–323  K), a solvent 
flow rate (fixed at 0.42 kg h−1) and a mean particle diameter (<0.5 mm). 

Benmoussa et  al. (2018) reported the optimized condition for the microwave 
hydro-diffusion and gravity (MHG) process used for the efficient extraction of the 
Cuminum cyminum seeds essential oils. The selected parameters for the 
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optimization protocol used for the rapid extraction were time (8, 12, and 16 min), 
power (150, 200, and 250 W) for the microwave irradiation, and moisture content 
(40, 50, and 60) based on central composite design (CCD) assay. Authors reported 
that the combined effect of the microwave irradiation, the gravity, and the in situ 
seed water content played an important role overall quantity and the quality of the 
essential oil extracted aromatic plants. 

Yingngam et al. (2021) optimized the two variables (microwave power and irra-
diation time), which significantly affected the essential oil yield using RSM method 
and reported that 700 W power and 25 min time are effective for the maximal yield 
of Limnophila aromatica essential oil. 

Azevedo et  al. (2014) reported the optimized concentration of cassava starch, 
chitosan and Lippia gracilis (LGRA) essential oil which exhibited potent antimicro-
bial activity against foodborne bacteria species such as Staphylococcus aureus, 
Bacillus subtilis, Serratia marcescens, and Salmonella Enteritidis using response 
surface methodology. Further, they reported the mixture ration based on combina-
tion of cassava starch (1.6%), chitosan (0.6%), and Lippia gracilis (2.4%), best for 
the edible coating as its MIC is remained below than the recommended doses for 
psychrophilic aerobic bacteria, yeast, and mold during the in situ application as an 
edible coating for the strawberries. 

Yang et al. (2022) reported the effects of ultrasonic power, time, and types of 
emulsification chemical on antimicrobial effects of oil using response surface meth-
odology. Based on single-factor experiments, authors reported that the ultrasonic 
power (527.45 W), time 9.97 min, and tween 80 (5.94 mg/mL) killed E. coli through 
extracellular release and exhibited good stability. While power (350  W), time 
(14.44 min), and cetylpyridinium chloride (0.15 mg/mL) exhibited excellent anti-
bacterial activity (through electrostatic interaction). 

Teshale et al. (2022) explored the potential use of RSM to obtain the maximum 
yield, that is, 2.8% (by wt.) of rosemary leaves essential oil by optimizing the 
extraction temperature (103–118 °C), time (2–6 h), and feed mass (200–600 g). 

Zermane et al. (2016) reported the optimized condition of extraction temperature 
(X1) and pressure (X2) for high yield of Algerian rosemary essential oil using 
supercritical CO2 based on response surface methodology. Authors reported that the 
maximum yield of essential oil 3.52 wt% (relative to the initial mass of leaf powder) 
at 313 K and 22 MPa. 

Ebadollahi and Taghinezhad (2020) reported the optimized insecticidal effects of 
Teucrium polium essential oil against Tribolium castaneum Herbst using response 
surface methodology and reported that the effective dose of essential oil 20 μl/l and 
72 min exposure time as the optimum conditions with 97.97% mortality and 87.8% 
desirability. 

12.5.2  Full-Factorial Design with Level 2 

Practically in every field of science, mathematical modelling has very fundamental 
importantce. This is so that we may create, evaluate new controllers, and assess 
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original ones by better evaluation of system through simulation and prediction of its 
behavior. In general, 2  k full-factorial design is the common first-order designs, 
where k represents the number of control variables (Pereira et al. 2021). In a 2 k 
full-factorial design, variables under observations are examined at two levels (val-
ues +1, −1) that correspond to the high and low levels for the selected variables. The 
combination of the elements called as factor (k) and their levels results in a design 
that contains every potential combination. It provides the desirable information 
about the effects and interactions of the selected variables such as temperature, pH, 
pressure, and other selected parameters as per the requirement. The full-fFactorial 
design may be symmetric, in which case all of the factors under study have the same 
number of levels, or asymmetric, in which case each component has a different 
number of levels. Possibility of high expense and complex calculations offered for 
establishing several experimental conditions in case of larger value of factor k, this 
approach may not be practical for many factors. To avoid such circumstances, the 
researcher has the option of switching to another form of mathematical modelling 
called as fractional factorial design. 

Machado et  al. (2023) reported optimized nanoemulsion of Ocotea indecora 
(Shott) Mez essential oil using a 23 factorial design suggesting the variables condi-
tions of essential oil (5% w/w) and surfactants at 1:1. The smallest droplets size and 
polydispersity index were used as selection criteria for the optimization of nano-
emulsion. The stability of optimized nanoemulsion stored at room temperature and 
refrigerated was observed for up to 1 year. 

Shehata et  al. (2021) optimized the prepared nanoemulsion based on a two- 
factor, three-level, full-factorial design assay and reported that developed formula-
tions were stable for 3 months with enhanced functional potential such as systemic 
bioavailability, synergistic anti-obesity effect. The formulations fullfill all the desir-
able criteria of drug-excipient compatibility such as, physical appearance, rheologi-
cal behavior, drug release, and in  vivo anti-obesity potential with nano-size of 
droplet. 

12.5.3  Fractional Factorial Design 

In scientific research and industrial applications, fractional factorial designs are 
very useful and often employed technique (Pereira et al. 2021). In the fields of engi-
neering and physical and chemical sciences, several successful applications have 
been recorded. Fractional factorial designs become effective than full-factorial 
designs especially when number of factors are large in number as it allows to con-
struct statistical models with a limited number of runs as it drop insignificant fac-
tors. We can forecast the most effective experimental combinations using the 
models. The two-level fractional factorial design is denoted as 2 K − p, where k is 
the number of factors utilized and p is the size of the percentage of the applied com-
plete factorial analysis. In general, it is denoted as Zk − p, where Z is level. 

Souiy et al. (2023) reported the optimized factors (time, temperature, plant/water 
mass ratio, and sampling period) that significantly affected the extraction yield, 

12 Application of Mathematical Modelling and Statistical Approaches to Boost…



276

chemical composition, antioxidant, and antimicrobial activities of Thymus algerien-
sis Boiss. and Reut essential oil using the full-factorial design 24. 

12.5.4  Plackett–Burman Design 

The Plackett–Burman design (PBD) was proposed by R.L. Plackett and J.P. Burman 
in 1946, in order to find out the most important factors in design experiments. It 
allows the quality control procedure in a more effective manner so that it could be 
used to examine the experiment (Pereira et al. 2021). This approach needs the mini-
mum of four (4n) experiment (sample size should be multiple of four rather than a 
power of two (4 k observations with k = 1, 2, ... n)) to get the desired observation 
and wise judgments, the consequences of design factors on the system state. PB 
designs are used to evaluate n − 1 variables in each (n) experiments. The primary 
benefit of such a design is the low observational required to determine an impact for 
a given component in experiment. 

Spadi et al. (2021) studied the optimal significant factors to maximize the yield 
of rosemary essential oil using Plackett–Burman design. Authors have considered 
the several factors such as extraction method (hydro-distillation and steam), time 
(extraction 30 min and 120 min), cooling (water flow rate 1 L/m and 5 L/m), power 
(heating 600 W and 2000 W), and ratio of rosemary leaves to deionized water (solid/ 
liquid ratio 1:2 and 1:6). The results based on Plackett–Burman design (PBD) 
revealed extraction time and the extraction process as the two foremost significant 
factors. 

Boateng and Yang (2021) used Plackett–Burman design assay for the screening 
of drying parameter (infrared drying) for dried seeds to improve the paramount of 
bioactive components to preserved or protect the desired functionality. The results 
reported that the following factors, drying time, temperature, and distance between 
emitter of infrared and samples for green-red, yellowness, ascorbic acid, and rehy-
dration capacity responses, have significant effects on functionality of dried seed 
samples. 

12.5.5  Box–Behnken Design 

The Box–Behnken designs (BBD) modelling proposed by G.E.P.  Box and 
D. Behnken 1960 is another form of rotatable or close-to-rotatable quadratic designs 
based on three-level partial factorial designs. This design approach generates high- 
order response surface with the minimum run compared with the other factorial 
approach (Pereira et  al. 2021). The number of experiments (N) required for the 
development of BBD is defined by the following equation: N  = 2n(n −  1) + λo 
..........(2), where n is number of factors and λo is the number of central points. The 
basic difference between this design and CCRD lies in the fact that it uses three 
levels for the study of observable factors (−1, 0, +1), while CCRD uses five levels 
(−α, −1, 0, +1, +α). This method expresses the second-order mathematical model, 
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and estimates parameters which limits underlying experiment and eliminates unnec-
essary combinations of treatments. 

Pongsumpun et al. (2020) explored the effects of selected parameters such as 
sonication time, temperature, and Tween® 80 concentration on the droplet size, 
PDI, and viscosity of essential oil-based antifungal formulation using Box–Behnken 
design (BBD). The results revealed that sonication time (266  s), temperature 
(4.82 °C), and Tween® 80 (3% w/w) produced the optimum (droplet size 65.98 nm, 
PDI of 0.15, and viscosity 0.67  mPa.s.) cinnamon essential oil-based antifungal 
formulation effective against Aspergillus niger, Rhizopus arrhizus, Penicillium sp., 
and Colletotrichum gloeosporioides.  

Wei et  al. (2023) studied the effects of optimized parameter on quantity and 
chemical profile of essential oils extracted using solvent-free microwave using 
single- factor and Box–Behnken design. The analyzed factors were microwave irra-
diation time (20–40 min), microwave irradiation power (280–560 W), and homog-
enization time (4–8 min). Based on three-factor Box-Behnken design, the optimized 
solvent-free microwave extraction of fresh peel of Citrus medica L. var. arcodactylis 
Swingle was reported which fulfills the need of green chemical approaches with 
negligible use of solvent. 

Tunç and Odabaş (2021) explored the potential uses of Box–Behnken design to 
optimize the ohmic heating-assisted extraction/hydro-distillation (OHAE/H), to 
enhance the yield of pectin and essential oils from lemon waste. The optimized 
parameter was reported as liquid to solid ratio (8.7:1), extraction/hydro-distillation 
time (58.4 min), and voltage gradient (14.2 V/cm) with the predicted pectin (16.58) 
and essential oil yields (3.62 g/100 g). 

Labri et al. (2022) reported that optimize hydro-distillation parameters to get the 
high yield of selected essential oils extracted from aerial parts aromatic plants such 
as Lavandula stoechas, Eucalyptus camaldulensis, and Carum carvivapor. Based 
on the observation, vapor volume, distillate flow, particle size, and interaction 
between volume and flow rate were reported as the most significant factors affecting 
the EOs yield. 

12.6  Conclusion 

This chapter explored the role of mathematical modelling and statistical approaches, 
such as the simplex-centroid mixture design, central composite rotatable design, 
and factorial design, in optimizing the parameters which significantly affects the 
biological properties of plant volatiles. The literature review suggested that the 
application of statistical approaches could provide valuable information for the 
development of efficient, optimize, and cost-effective biologically active formula-
tion based on plant volatiles for various industrial application in food, pharmaceuti-
cal, cosmetic, and agriculture industries. 
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Abstract 

Bioinformatics has been established as a multidisciplinary research area bringing 
about a paradigm shift in the discipline of biological researches. In silico 
resources made biologists to treat the huge and heterogeneous amount of bio-
digital data in rapid mode to predict models for real-life applications. Its applica-
tion in the biomedical �eld has been well explored; however, the signi�cance of 
computational studies has remained underappreciated in food and nutritional sci-
ences, despite their data-rich attributes. In the present study, a broader frame-
work of bioinformatics in food sciences was discussed, especially plant-based 
databases, third-generation sequencing, genome assembly, and annotation. In 
addition, its role in the elucidation of the probable mechanism of action against 
foodborne microbes, recent advances, associated challenges, and future perspec-
tives have also been discussed. 
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13.1  Introduction 

Bioinformatics is an interdisciplinary scientific area of research, which deals with the 
management and interpretation of complex biological data by computational 
approaches. The operational idea of bioinformatics exemplifies the umbrella concept 
by integrating the computer science tools, mathematical algorithms, and biostatistics 
to the single domain of biological sciences (Rhee et al. 2006; Bellgard and Bellgard 
2011). In recent years, advancements in plant bioinformatics have made significant 
progress in the food industries with specific applicability for phytochemicals. The 
data generated via computational analysis can be used to explore and characterize the 
role of phytochemicals as dietary components (preservatives and nutritional agents) at 
the molecular level, as well as their interactions with the targeted sites of action. These 
massive and diverse sets of bio-digital data can act as a significant resource for identi-
fying pathogenic patterns, allowing the development of legitimate prediction models 
for industrial applications in a fast and reliable way (Bellgard and Bellgard 2011). In 
addition, in silico research has made substantial efforts to promote the nutrition and 
quality of food sources. For instance, major elements related to the food industry, 
namely, allergenicity, flavor, functioning, safety issues, probiotics, and prebiotics, 
have received a lot of attention from applied bioinformatics (Holton et al. 2013). 

The combinatorial aspect of food research and bioinformatics will be driven by the 
integration of heritable agronomic features, including essential metabolic profiles, 
with new omics data. Genome-sequencing techniques are being used with genome 
assembly and annotation procedures to analyze and integrate the large sets of molecu-
lar data, in preparation for elucidating the genetic basis of phytochemical biosynthesis 
(Saito 2013). Whereas databases serve as a vital component in not only speeding up 
the pace of research but also enabling investigations that would otherwise be difficult 
to perform. Furthermore, the existing literature and resources on phytochemicals and 
their incorporation into dietary supplements are often scattered, making it difficult to 
exploit the diversity of compounds for the betterment of mankind (Sharma and Sarkar 
2013). In that view, bioinformatics not only provides the set of tools for identifying 
and comprehending genes and pathways linked to major cellular processes, but its 
scope has expanded to include everything from the genome to the phenome. 

Despite having a definite and concerted perspective, bioinformatics role in the 
food industry remains underappreciated. There are numerous challenges of data 
management, accurate interpretation, and biological optimization associated with 
the in silico studies (Holton et al. 2013). In this review, we highlighted the examples 
of bioinformatic approaches that could be used successfully to enhance and extend 
the research on phytochemicals in the food and nutrition sciences, as well as their 
current limits and future research directions. 

13.2  Bioinformatic Resources 

Food science is an information-based science that includes the triangular relation-
ship of food, human health, and environmental factors. Bioinformatics resources are 
required to systematize and integrate the knowledge of food biomaterials with 
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human nutritional requirements, as well as nutritional and trophic variables. In 
silico tools evaluate the biological effects of phytochemicals based on specific con-
dition markers (deficiencies in nutrition and health problems) as well as novel health 
improvement markers with metabolic consistency (Desiere et  al. 2001). 
Computational approaches are co-emerging with the integration of genomics to 
unravel the molecular mechanism of biosynthesis, regulation, function, and evolu-
tion of phytochemicals. Approaches to integrating the gene functions with metabo-
lite biosynthesis require the development of a wide platform storing and analyzing 
large-scale biological datasets (Saito 2013). In light of the aforementioned require-
ment, databases are built for extracting, storing, and presenting these massive obser-
vations in a useful format for researchers to mine subsequently (Sharma and 
Sarkar 2013). 

13.2.1  Databases 

A database is a centralized collection of theoretically linked data records that 
encompasses one or more topic areas with their integrated information. Any con-
solidated electronic data record with a combination of text, numbers, and pictures in 
various formats can be utilized as a database in today’s informatics era, with the 
condition that users can retrieve and edit the data (Scalbert et al. 2011). Based on the 
checkpoints of evaluation and curation, databases can be classified into two broad 
categories of archival and curated databases. Archival databases (such as PubChem, 
GenBank, Gene Expression Omnibus, and Protein Data Bank) are designed to cap-
ture data of a specific format despite its quality or authenticity, whereas curated 
databases (such as MassBank, KEGG, and UniProt) are maintained with high- 
quality data based on expert evaluations (Scalbert et  al. 2011; Sharma and 
Sarkar 2013). 

There are several databases developed for cataloguing the information available 
on phytochemicals, from their chemistry and occurrence in foods to biology and 
health impacts. To start with, some databases provide reference nuclear magnetic 
resonance (NMR) or mass spectrometry (MS) spectra of pure and authentic phyto-
chemicals for their routine and rapid identification. HMDB (http://www.hmdb.ca), 
NMRShiftDB (https://nmrshiftdb.nmr.uni- koeln.de/), NAPROC-13 (http://c13. 
usal.es/), BMRB-Metabolomics (http://www.bmrb.wisc.edu/metabolomics/), 
SDBS (http://riodb01.ibase.aist.go.jp/sdbs), and Golm Metabolome Database 
(http://gmd.mpimp- golm.mpg.de/) are some of the freely accessible and query-able 
databases of the NMR and MS spectra. Furthermore, PubChem (https://pubchem. 
ncbi.nlm.nih.gov/), KEGG (https://www.genome.jp/kegg/compound/), KNApSAcK 
(http://www.knapsackfamily.com/KNApSAcK/), and Dictionary of Food 
Compounds (https://dfc.chemnetbase.com) provide the taxonomic and composi-
tional report of phytochemicals with their biological properties. Along with the 
taxonomic and compositional data, databases like KEGG, Plant Metabolic Network 
(https://plantcyc.org/), and Gramene Pathway (https://www.gramene.org/pathway/) 
also provide biosynthetic routes of phytochemicals. 
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The broad and rising intake of phytochemicals in food warrants a rigorous 
 examination of the phytochemicals consumed. The purpose of the research is to 
regulate and improve the nutritional quality of foods in terms of their therapeutic 
and health- promoting effects. The USDA database (https://fdc.nal.usda.gov/), 
Phenol-Explorer (http://phenol- explorer.eu/), and Dr. Duke’s Phytochemical data-
base (https://phytochem.nal.usda.gov) provide concentration values for several phy-
tochemicals found in various types of food. Also, the Dietary Supplement Label 
Database (DSLD) of the National Institutes of Health, indexes all printed informa-
tion on dietary supplement products sold in the United States (Scalbert et al. 2011; 
Sharma and Sarkar 2013). 

13.2.2  Genome Sequencing 

Today, next-generation sequencing does not only serve as a research tool but also 
applied to various fields including diagnostics, pandemic investigations, food 
authenticity, food adulteration, and microbiome analysis (Goodwin et  al. 2016; 
Quainoo et  al. 2017; Allard et  al. 2018). Whole-genome sequencing (WGS) and 
annotation of microorganisms used in the food industry (such as the various variety 
of yeast) (Piškur et  al. 2012) and their closely related strains are of paramount 
importance, as this will help in understanding key differences and similarities at the 
DNA level. In the past few decades, a significant advancement in the sequencing 
technologies and related analysis tools have been achieved, which enlighten the 
understanding of various plants genomes such as rice (McNally et al. 2006), potato 
(Diambra 2011), tomato (Sahu and Chattopadhyay 2017), and their cultivars. As far 
as food safety is concerned, the present-day WGS technologies and tools enable us 
with fast identification and characterization of microorganisms with high precision 
along with antimicrobial resistance (FAO 2016). As the cost of WGS has rapidly 
gone down in the past decade, we can apply them in a much more cost-effective 
manner in diverse areas of interest which were relatively less feasible in the past. In 
the below sections, we will discuss genome sequencing, assembly, and annotation 
in detail. 

13.2.2.1  First-Generation Sequencing 
DNA sequencing by Sanger and Maxam-Gilbert method is classified as first- 
generation sequencing (FGS) technique. In the Sanger method, dideoxynucleotides 
(dNTP) are used for chain termination of elongation reaction and as a result, differ-
ent sized fragments ending with dNTP (ddA, ddT, ddC, ddG) are obtained (Sanger 
et al. 1977; França et al. 2002). They are further separated on gel slab based on their 
size, and visualized by imaging techniques (such as UV or X-ray) (Masoudi-Nejad 
et  al. 2013; El-Metwally et  al. 2014). The first few genomes sequenced by the 
Sanger method are phiX174 and bacteriophage λ with genome sizes of 5374 bp and 
48,501 bp, respectively (Sanger and Coulson 1975; Sanger et al. 1980). The other 
FGS method, Maxam-Gilbert, is a chemical degradation-based method where 
chemicals were used to cleave nucleotides (Maxam and Gilbert 1977). Both of these 

A. K. Jaiswal et al.

https://fdc.nal.usda.gov/
http://phenol-explorer.eu/
https://phytochem.nal.usda.gov


285

methods (especially Sanger) were in active use for the past three decades and are 
still used for sequencing short DNA fragments. These methods are very expensive 
as well as time consuming which limits it for sequencing different plant species. 

13.2.2.2  Second- and Third-Generation Sequencing 
Advancement of sequencing technologies in the past decade gave rise to second- 
generation sequencing (SGS) which has many advantages over FGS such as (a) 
massive parallelization resulting in millions of short reads, (b) accelerated sequenc-
ing rate compared to FGS, (c) no need of electrophoresis and visualization rather 
getting sequence information in real-time and low cost of sequencing (Kchouk et al. 
2017). The SGS is used for short-read sequencing (maximum up to 1000 bp but 
most commonly 200–300 bp) and are mainly of two types: (a) sequencing by syn-
thesis and (b) sequencing by ligation (Myllykangas et  al. 2012; Van Dijk et  al. 
2014). The main disadvantages of these sequencing methods are low-read length 
and cost. There are several platforms for SGS as shown in Table 13.1. 

SGS has revolutionized sequencing techniques which allows from understand-
ing the genetic basis of cancer treatment to improving crop yield. However, SGS 
still has some disadvantages such as (a) requirement of PCR amplification step, (b) 
difficulty for sequencing high repetitive DNA sequences, (c) short-read length 
causes difficulties in genome assembly, and (d) high cost of sequencing (Kchouk 
et  al. 2017). These limitations of SGS gave rise to the development of third- 
generation sequencing (TGS). The TGS technologies are cost-effective and rapid 
compared to SGS. Notably, they do not require PCR amplification and the read 
length is much longer (several kilobases) as compared to SGS, which makes the 
genome assembly process easy even for the genomes abundant in repetitive 
sequences. TGS can be characterized via two approaches (Van Dijk et al. 2014): 
The single-molecule real- time sequencing (SMRT) (Bentley et al. 2008) developed 
by Quake laboratory and synthetic approach used by Illumina and 10xGenomics 
(Braslavsky et  al. 2003; Harris et  al. 2008; Eid et  al. 2009). At present, Pacific 
Biosciences (PacBio) and Oxford Nanopore Technology (ONT) are the two most 
abundantly used TGS technologies (Lu et al. 2016). These sequencers can generate 
reads of length 10 kb–15 kb and in some cases up to 100 Kbp (Del Angel et al. 
2018). However, TGS mainly suffers from a high error rate (10% to 15%). The 
errors can be corrected from Illumina reads, large consensus data, and bioinformat-
ics tools. The reads were also further refined by combining optical genome map-
ping and chromosome conformation capture sequencing data, thus generating 
chromosome-level assembly. The TGS has been successfully used to fill the gaps 
in the human genome, reconstructing highly contiguous regions of complex 
eukaryotic genomes and de novo microbial genome assembly (Chen et al. 2014; 
Loman et al. 2015; Rhoads and Au 2015). Comprehensive guidelines (including 
pros and cons) for selecting the correct sequencing technology have been exten-
sively described in previous works (Sohn and Nam 2018; Jung et  al. 2019; 
Jayakumar and Sakakibara 2019; Wee et al. 2019). 
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Table 13.1 Second-generation sequencing 

Company Platform Mechanism 

Read 
length 
(bp) 

Read 
types 

Data 
generated 
per run (GB) 

Error type 
(error rate 
%) 

Roche/454 GS FLX Pyrosequencing Up to 
1000 

SE, 
PE 

0.02 to 0.7 Indel (1) 

Ion S5/ 
S5XL 530 

Detection of 
hydrogen ion 

400 SE 3 to 5 Indel (1) 

Ion torrent PGM 316 200 0.6 to 1 
Ion proton 200 10 
MiSeq Reversible 

terminator 
300 SE, 

PE 
15 Mismatch 

(0.1) 
HiSeq 150 1.5 TB Mismatch 

(0.1) 
Illumina miniSeq 150 7.5 Mismatch 

(1) 
NextSeq 150 120 Mismatch 

(1) 
HiSeq X 150 1.8 TB Mismatch 

(0.1)

Note: SE Single-read End, PE Paired End

13.2.3  Genome Assembly 

Plant genome assembly is a complicated and multistep process. Many factors such 
as polyploidy, presence of highly repetitive sequence, and genome size make the 
genome assembly process complicated (Mishra et al. 2017). There are mainly three 
types of genome assemblies: (1) reference-based genome assembly preferred when 
the reference genome of desired species or very closely related species is available, 
(2) de novo assembly preferred when a reference genome is not present, and (3) 
hybrid assembly approach. 

13.2.3.1  Reference-Based Assembly 
Firstly, reads are aligned to a reference genome and chains of mutually consistent 
matches are obtained with the help of the longest increasing subsequence (LIS) 
algorithm. The layout of overlapping reads is thus generated. The layout formed by 
reading alignment has several shortcomings (such as indels, and rearrangement of 
target and reference genome) for which it requires further refinement. After the 
layout refinement is achieved consensus sequences are generated with the help of 
multiple sequence alignment (MSA). Here, MSA is used to generate overlapping 
reads in an interactive manner which on convergence produces consensus sequence 
or contigs. Finally, scaffolds are generated by placing contigs in correct order and 
orientation which require information on mate pairs, genetic or physical maps, 
and so on. 
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13.2.3.2  De Novo Assembly 
The de novo genome assembly is done from scratch when no reference genome is 
available (Chaisson et al. 2004; Chaisson et al. 2009). There are two main approaches 
of de novo assembly: (1) de Bruijn graph approach and (2) overlap layout consensus 
(OLC) approach. The de Bruijn approach is k-mer-based approach, where k-mers 
are generated from the reads and a directed graph is generated (Chaisson et  al. 
2004). In this graph, the edges represent overlap and nodes represent k-mers. The 
Euclidean path from this directed graph gives contigs that are further extended via 
contig extension algorithms. De Bruijn approach is preferred for short-read 
sequences. Some of the commonly used de Bruijn assemblers are ALLPATHS 
(Butler et al. 2008), SOAPdenovo (Li et al. 2010), and AbySS (Simpson et al. 2009), 
and some of the contig extension-based assemblers are PE-Assembler (Ariyaratne 
and Sung 2011) and SSAKE (Warren et al. 2007). On the other hand, OLC-based 
approach is best suited for long reads (generated via TGS) as it faces difficulties 
when utilized for large number of sequences. MIRA is OLC-based assembler used 
mainly for complex plant genome assembly. Few OLC-based assemblers use the 
MinHash Alignment algorithm which is very efficient in detecting overlap regions. 
OLC-based assemblers are particularly good for plant genome assembly as they are 
good in resolving highly repetitive regions of the genome. The basic workflow for 
de novo genome assembly is removal of  contaminant DNA -->  read quality  
control --> contig assembly --> scaffold generation --> chromosomal assembly. 

13.2.3.3  Hybrid Assembly 
It is proposed to use a combinatorial approach (SGS as well as TGS reads) to 
improve the quality of plant genome assembly, as SGS produces short reads (e.g., 
Illumina) with a very low error rate (≤1%), but it has trouble assembling repetitive 
sections. TGS, on the other hand, produces lengthy readings with a high error rate 
(PacBio) (up to 15%). For instance, a number of error correction and assembly 
methods/pipelines have been developed in the past (readers are advised to read these 
references for detailed information (Koren et al. 2012; Wang et al. 2012; Utturkar 
et al. 2014)). Jabba is one of the widely used hybrid assemblers in which SGS reads 
are used to generate contigs via de Bruijn graph approach and errors in TGS reads 
are corrected by mapping them onto these contigs (Miclotte et al. 2016). DBG2OLC 
is also a widely used and efficient plant genome assembler (Ye et  al. 2016). 
Commonly used plant genome assemblers are given in Table 13.2.   

The quality of genome assembly depends on the choice of assembler, read length, 
sequencing error rate, complexity of the genome, etc. The obtained assembled 
genome should be subjected to statistical and biological validation. The present-day 
bioinformatics tools are very efficient in this regard and they do take care of these 
in an automatic fashion (Hunt et  al. 2013; Yang et  al. 2019; Matthews and 
Vosshall 2020). 
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13.2.4  Annotation 

Genome annotation provides meaningful biological information such as gene 
 structure and function of the presented genome (Cook et  al. 2019) and can be 
broadly classified into the structural and functional annotation. The structural anno-
tation involves predicting the gene locus and structure (e.g., intron, exon, and UTR). 
It captures the cellular and physiological activities of these genes, their functions, 
and interactions with other genes or nucleic acids, for example, transcription fac-
tors. Various annotation servers, tools, and pipelines are provided in Table 13.3.   

13.2.4.1  Structural Annotation 
Before making any gene prediction it is important to predict/mask repeat elements 
(including low complexity region and transposable elements) in the genome (Smith 
et al. 2007) because these sequences can cause a false homology in the gene predic-
tion process. For this purpose, RepeatMasker (Nishimura 2000) can be used which 
utilizes repeat library from repbase database. RepeatRunner (Smith et al. 2007) is 
another tool used for the same purpose but RepeatMasker is widely accepted in the 
scientific community for repeat sequence prediction. 

Identifying gene structure involves the prediction of the intron, exon, coding 
sequences (CDS) starting codon, and end codon. There are mainly two approaches 
of gene prediction: (1) ab initio gene structure prediction and (2) evidence-based 
gene structure prediction. In ab initio gene structure prediction, certain pre- 
calculated parameters are used, for example, codon bias, intron-exon length distri-
bution which is obtained from gene models of closely related model organisms 
(e.g., Arabidopsis thaliana and Drosophila melanogaster). When no closely related 
gene structure models are available then the predictor is required to be trained on the 
genome under study. Augustus and SNAP are the most widely used ab initio gene 
structure prediction tools (Korf 2004; Stanke et al. 2006). The ab initio predictors 
show good performance in identifying CDS but they lack in predicting UTRs and 
alternately spliced transcripts. These limitations led to the development of many 
recent methods where information from an external source is used. In these meth-
ods, expressed sequence tags (ESTs), RNA-Seq data, protein sequence, etc. are 

Table 13.2 Genome 
assemblers for plant genomes 

Assembler type Assembler Read type 
Reference 
based 

Phrap Genomic reads 

TIGR assembler – 
De-novo SOAPdenovo – 

Velvet – 
ALLPATHS-LG – 
ABySS – 

Hybrid LORDEC – 
DBG2OLC – 
Jabba –
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Table 13.3 List of genome annotation tools 

Mode Tools (weblink) 
Online Ensembl (http://ensemblgenomes.org/info/data/annotation) 

GenSAS (https://www.gensas.org) 
Blast2GO (https://www.blast2go.com) 
AmiGO (http://amigo.geneontology.org/amigo) 
KAAS (https://www.genome.jp/tools/kaas/) 
Augustus (http://bioinf.uni-greifswald.de/augustus/) 
GAAP (http://GAAP.hallym.ac.kr) 

Command based BRAKER (https://github.com/Gaius-Augustus/BRAKER) 
MAKER (https://www.yandell-lab.org/software/maker. html) 
GSNAP (http://research-pub.gene.com/gmap) 
TopHat (https://ccb.jhu.edu/software/tophat/index. shtml) 
Evigan (http://www.seas.upenn.edu/~strctlrn/evigan/ evigan.html) 
Cufflinks (http://cole-trapnell-lab.github.io/cufflinks/) 
StringTie (https://ccb.jhu.edu/software/stringtie/) 
BLAST (https://blast.ncbi.nlm.nih.gov)

used as external evidence. These predictors/methods should be used in combination 
with ab initio gene predictors to improve the quality of gene structure prediction. 
MAKER, BAKER (includes ab initio prediction), and StringTie (Cantarel et  al. 
2008; Jung et al. 2020) (only for evidence-based prediction) are a few of such gene 
structure predictors. Since many methods/tools are used for gene structure predic-
tion of a single genome, it is always advisable to generate a consensus gene struc-
ture (Cruz et al. 2019; Hosmani et al. 2019; Wilbrandt et al. 2019) with the following 
tools: Evidence Modeler, GLEAN, Evigan, GAAP, etc. These tools generate a con-
sensus gene structure by minimizing the error from each prediction source and uti-
lize a combination of evidence to do so (Haas et al. 2008; Liu et al. 2008). 

13.2.4.2  Functional Annotation 
Functional annotation of genes or protein sequences refers to associating biological 
information to these sequences. There are two types of functional annotation: (1) 
blast-based homology search and (2) GO term mapping based on gene ontology 
(GO) searches. To investigate the function of an unknown gene in a newly assem-
bled genome or to predict its evolutionary relationship with other related sequences, 
blast is performed with the interest of finding a high homology. There are several 
tools for homology search such as blast, TopHat, Cufflinks (Trapnell et al. 2009; 
Ghosh and Chan 2016), and GSNAP (Wu et al. 2016). Some tools/pipelines, such 
as Blast2GO, allow you to execute blast on both local and cloud-based servers 
(Conesa et al. 2005). Depending upon the requirement, one can opt for Localblast 
or Cloudblast though later is preferred when opting for mass sequence alignment. 
GAAP (Kong et  al. 2019) is another pipeline that provides both the options of 
Localblast as well as Cloudblast. Blas2GO result provides numerous information 
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related to the query sequence such as number of hits mapped to query sequence, 
their e-values, mean similarity of mapped sequence, number of mapped terms in 
GO, and number of enzymes searched by these GO terms. 

GO-term mapping is the process of obtaining GO terms associated with mapped 
sequences or hits via Blast search. GO stores information on relations between 
genes and gene-related terms. It is classified into three categories: (1) biological 
process, (2) molecular function, and (3) cellular component. The information 
regarding gene ontology, gene products, their functions, and activity sites are stored 
in the GO database, a relational database, and can be downloaded from AmiGO. There 
are various analysis tools in Blast2GO that can be used for predicting interaction 
between gene products with the help of the KEGG database (Kanehisa 2002). 

13.3  Bioinformatic Application and its Challenges 

There have been many biological implications of bioinformatics tools in plant and 
food sciences. They intend to augment the knowledge of various biological pro-
cesses, namely, pathogenic machinery, food poisoning, and crop improvement, by 
elucidating the underlying mode of action. Further, bioinformatics approaches such 
as docking methods and pharmacophore searching are proving to be potential tools 
for deciphering molecular relationships between phytochemicals, food, and human 
health. Using in silico methods, Aziz et  al. (2021) investigated the antibacterial, 
antioxidant, and urease inhibitory potential of different solvent extracts of 
Strobilanthes glutinosus. Similarly, Elgamal et al. (2021) reported the significant 
inhibitory activity of isolated phytochemicals of Euphorbia retusa against collage-
nase, elastase, hyaluronidase, and tyrosinase enzyme involved in skin remodelling 
and aging processes. Further, Khatun et al. (2021) showed the potential antimicro-
bial, antioxidative, and anti-cancerous potential of isolated phytochemical constitu-
ents from Stevia rebaudiana (Bert.) by targeting glutathione reductase, urase 
oxidase, and dihydrofolate reductase (DHFR), respectively, via bioinformatic 
approaches. Table 13.4 has shown some significant prospects of computational tools 
for phytochemicals in food research.   

For availing the importance of the docking approaches in unravelling the thera-
peutic activities of phytochemicals, an example of evaluating their antibacterial 
property has been conducted using ProteinPlus web service of the University of 
Hamburg, Germany. The bacterial DNA polymerase III α subunit has been chosen 
as the target protein as it is an essential enzyme for DNA replication and a potential 
target for antimicrobials (Van Eijk et al. 2017). Five phytochemicals of flavonoid 
and alkaloid families were selected from the NAPROC-13 database, namely 
5,7,2′-trihydroxyflavone, 7,3’-Dihydroxy-5,4′,5′-trimethoxyisoflavone, Kushenol 
S, Isoflavanone, and 4-Hydroxy-3-methoxyphenyl ferulate. DoGSiteScorer, a grid- 
based tool has been used to predict binding pockets in DNA polymerase III (PDB 
ID: 5FKV) based on Gaussian filter differences of the protein 3D structure (Volkamer 
et  al. 2012). Subsequently, the binding pockets along with the ligand molecules 
were transferred to the JAMDA module of ProteinPlus for docking procedures and 
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Table 13.5 Binding details of selected phytochemicals against the bacterial DNA polymerase III 
α subunit 

Sr. 
No. Name Formula SMILES 

M. W. 
(g/ 
mol) 

Docking 
score 

1 5,7,2′-Trihydroxyflavone C15H10O5 O = c2cc(c1ccccc1O) 
oc3cc(O)cc(O)c23 

270.24 −2.03883 

2 7,3’-Dihydroxy-5,4′,5′-
trimethoxyisoflavone 

C18H16O7 COc3cc(c2coc1cc(O) 
cc(OC)c1c2 = O)cc(O) 
c3OC 

344.19 −2.25947 

3 (2S)-5,7-Dihydroxy-2-
(2- hydroxyphenyl)-8-(3- 
methylbut- 2-enyl)-2,3- 
dihydrochromen- 4-one 
(Kushenol S) 

C20H20O5 C/C(C) = C\Cc2c(O)cc(O) 
c3C(=O)C[C@@H] 
(c1ccccc1O)Oc23 

340.21 −2.30394 

4 (3R)-3-phenyl-2,3- 
dihydrochromen- 4-one 
(Isoflavanone) 

C15H12O2 O=C1c2ccccc2OC -
[C@H]1c1ccccc1 

224.26 −1.92734 

5 4-Hydroxy-3-
methoxyphenyl ferulate 

C17H16O6 COc2cc(/C=C/C(=O) 
Oc1ccc(O)c(OC)c1)ccc2O 

316.18 −2.49985

scoring function. JAMDA is a totally automated docking tool for proteins and 
ligands. The structures are preprocessed and docked automatically; neither coordi-
nates nor protonation states are required (Flachsenberg et al. 2020). The docking 
parameters were kept at default. As per Table 13.5, significant inhibition of the DNA 
polymerase III α subunit by the selected phytochemicals has been shown based on 
the JAMDA docking score. Docking poses were generated by the PoseView section 
(Stierand et al. 2006) and represented in Fig. 13.1.   

In addition to the promising domains of bioinformatics research covered in this 
review, there are many obstacles and opportunities that must be addressed to fully 
realize the potential of bioinformatics tools. There is a vast amount of information 
available on phytochemicals including their taxonomic and compositional data, but 
it is usually theoretical since it is scattered across various literature sources in 
unstructured form (natural language). There is an urgent need for developing a 
community- based-cum-automated framework for compiling the diverse set of bio-
logical data at a commonplace. It will provide a strong motive for busy researchers 
to join and contribute, as well as automated sorting of submitted descriptors (onto-
logical terms) to their respective shells (Scalbert et al. 2011). Considering the huge 
variation in the research quality, testing parameters, and analytical interpretations, 
mean content values should be used to reflect the average content of the phyto-
chemicals. Furthermore, data obtained in interventional clinical trials, as well as 
analytics available on experimental animals, should be included in the databases 
along with the taxonomic and compositional data. The systemic integration, col-
laborative effort, and “expertise” curation will provide the reasons for establishing 
and developing innovative success. 

Genome assembly may seem a simple process but there are various limitations 
and challenges such as computational complexity, biological complexity, and 
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Fig. 13.1 Docking poses of selected phytochemicals against the bacterial DNA polymerase III α 
subunit  

quality of the finished genome. The most popular methods for genome assembly, 
that is, OLC and de Bruijn approaches also suffer from time as well as space com-
plexity. In the OLC approach, the limiting step is finding the overlaps which require 
pair-wise alignment of the reads which has O(n2) level of complexity for n number 
of reads and O(ij) level of complexity for alignment of reads of length i and j. On 
the contrary, the de Bruijn graph approach is much faster than OLC-based methods 
but suffers from space complexity. The most computationally intensive step in de 
Bruijn graph-based methods is the construction of the graph. Several assemblers 
utilize algorithms based on these methods (OLC and de Bruijn) but with some solu-
tion to time and space complexity but again they compromise on the accuracy. 

Biological complexity comprises of several factors such as the size of the 
genome, the read numbers, and large repetitive/duplicated regions, and these factors 
also increase computational complexity. The presence of repetitive sequences can 
complicate the assembly process as these sequences may not differ from one another 
but can belong to different regions of the genome and since the reads are put together 
for contig formation by searching overlapping reads hence repeat sequences can 
cause an error-prone assembly. Another biological complexity arises especially in 
the plant genome because of polymorphism. The plant genome sequencing is 
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further complicated because sequences from step-loop structures of centromere and 
telomeric regions are ignored which may cause problems in plant genome assembly. 
As genome is assembled by different assemblers hence it should be reexamined and 
validated concerning low coverage reads, poor handling of repeated regions, and 
quality of reads. This process is also known as genome finishing and it can be 
divided into three categories, namely, gap closure, assembly validation, and genome 
refinement. This is done in automatic as well as the manual mode to make sure of a 
robust genome assembly (Mishra et al. 2017). 

13.4  Conclusion 

This chapter provides an overview on the emerging bioinformatic approaches, cur-
rently being used in plant science to elucidate the structural and functional attributes 
of phytochemicals. It also explored the effect of in silico studies in food sciences to 
integrate the traditional ethnobotanical knowledge with the health promising out-
comes. The chapter outlined the major challenges associated with the bioinformat-
ics framework that need to be addressed in the near future. 
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Abstract 

Essential oils (EOs) are lipophilic volatile compounds synthesized by plants and 
used for centuries in several areas, including medicine and cosmetic. Currently, 
they have gained great visibility in the food industry, including their application 
in food packaging development. However, EOs present inherent characteristics 
that may limit their application in food products/packaging, especially triggered 
by the nature of their constituents (e.g., strong sensorial aspects, high sensibility 
to external factors: temperature, and oxygen). Thus, efforts have been made in 
the search for technologies to help circumvent these drawbacks. Among these 
alternatives, nanotechnology has been highlighted as an important one. Studies 
have shown that there are some promising nanotechnological approaches to 
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improve the application of EOs in food and food packaging. This chapter 
describes the main aspects circumventing EOs’ hole in the food industry, espe-
cially when used as an active additive in food packaging, and how nanotechnol-
ogy can be an important tool to increase their application in this area. Some 
examples of nanotechniques are presented and discussed in order to present an 
overview of this important and current topic. 

Keywords 

Essential oils · Volatile compounds · Nanotechnology · Food packaging · Food 
industry 

14.1  Introduction 

Essential oils (EOs) are secondary metabolites synthesized by plants, mainly com-
posed of lipophilic volatile compounds. They have been employed over centuries 
mainly for pharmacological, medicinal, aromatic, or cosmetic purposes (Carpena 
et al. 2021). Nevertheless, since the nineteenth century, their application has been 
extended, attending great areas in the nutrition field. Several studies have already 
covered the bioactive properties of EOs, such as antibacterial, antifungal, antioxi-
dant, antiviral, antiparasitic, and insecticidal, broadening the application spectrum 
of these complex mixtures (Viuda-Martos et  al. 2011; Galié et  al. 2018; Marsin 
et al. 2020; Sharma et al. 2022). 

Triggered by the current consume prospects that seek healthier diets and natural 
consumption, EOs have been widely applied by the food industry not only as a fla-
voring ingredient (i.e., due to their strong sensorial characteristics) but also as a 
food preservative (Pisoschi et al. 2018; Zanetti et al. 2018; El-Sayed and El-Sayed 
2021). Furthermore, EOs have evidenced great results in active food packaging 
(e.g., antioxidant and antimicrobial activities along with the enhancement of water 
vapor barrier of the active films) (de Andrade et al. 2020; Scaffaro et al. 2020). 

However, some limitations of EOs, discussed in the following sections of this 
chapter, may restrict their application in food packaging systems, especially consid-
ering the large-scale produce. Hence, some strategies have been adopted to improve 
the applicability of EOs by circumventing these drawbacks and, in some cases, 
enhancing their properties and bioactivity. One great example of this strategy is 
nanotechnology. Some EO nano-systems are already well established, while others 
still need further investigation (Zanetti et al. 2018; Das et al. 2021). 

This chapter aims to provide a comprehensive approach to EOs background in 
the food industry and present the aspects surrounding how nanotechnology has been 
applied to EOs to improve their applicability in food packaging. The main nano- 
systems (nanoemulsions, nanocapsules, nanoliposomes, nanocubosomes, and oth-
ers) are listed and discussed along with examples of successful application in food 
packaging materials. Safety and toxicological concerns are also assessed in order to 
provide an entire overview of the topic. 
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14.2  Essential Oils 

Records have revealed that EOs play a remarkable role in traditional medicine 
(Prakash et al. 2018a). In food industry, as a food additive, the application of EOs as 
a natural, safe, and effective alternative to the use of commercial synthetic chemi-
cals has increased (Reyes-Jurado et al. 2019, Ni et al. 2021; Rehman et al. 2020; El 
Khetabi et al. 2022), due to their antimicrobial, coloring, seasoning, and antioxidant 
properties (Calo et al. 2015; Prakash et al. 2018a). Furthermore, EOs reduce spoil-
age of crops and foods with shelf-life extension, as well as control weed growth 
(Abd-ElGawad et al. 2020; Senthil-Nathan 2020; Walia and Kumar 2021; El Khetabi 
et al. 2022). Figure 14.1 illustrates the main applications of EOs in food processing 
and packaging.  

In general, EOs are natural volatile liquids composed of a complex mixture of 
various secondary metabolites such as terpenes, terpenoids, phenylpropenes, alde-
hydes, ketones, ethers, alcohols, and phenolic compounds (Prakash et al. 2018a, b; 
Ni et al. 2021; Vianna et al. 2021). Most of these substances are simple lipophilic 
compounds characterized by a strong aroma that can be obtained from plant materi-
als such as flowers, buds, leaves, seeds, bark, and stems (Prakash et  al. 2018a; 
Reyes-Jurado et  al. 2019; Doost et  al. 2020; Ni et  al. 2021; Arruda et  al. 2022; 
Teixeira et al. 2022). 

As a complex mixture, these metabolites have been explored concerning their 
biological properties such as antimicrobial and antioxidant activity. In this context, 
EOs can inactivate pathogenic microorganisms without promoting the acquisition 
of resistance (Prakash et al. 2014; Prakash et al. 2018a). In addition, most EOs have 
low mammalian toxicity, which makes them relatively safe and due to their rela-
tively low cost, they play an important role in the food, pharmaceutical, and cos-
metic industries (Calo et al. 2015; Prakash and Kiran 2016; Prakash et al. 2018a; 
Vianna et al. 2021). 

Some examples of EOs categorized as Generally Recognised as Safe (GRAS) by 
the U.S. Food and Drug Administration (U.S. Code of Federal Regulations 2016) 
include jasmine (Jasminum officinale L.), cumin (Cuminum cyminum L.), coriander 
(Coriandrum sativum L.), ylang-ylang (Cananga odorata Hook. f. and Thoms.), 
basil (Ocimum basilicum L.), origanum (Origanum spp.), winter savory (Satureia 
montana L.), chamomile flowers (Matricaria chamomilla L.), peppermint (Mentha 
piperita L.), and pimenta leaf (Pimenta officinalis Lindl.); in which as main active 
components are highlighted linalool, benzyl acetate, linalyl acetate, thymol, ger-
macrene, carvone, cinnamaldehyde, eugenol, menthol, vanillin, citral, limonene, 
carvacrol, among others (Prakash et  al. 2018a; Vianna et  al. 2021; El Khetabi 
et al. 2022). 

EOs can be extracted by hydrodistillation, steam and water distillation, solvent 
extraction, or supercritical fluid extraction (Shukla et al. 2019; Kaya et al. 2020; Ni 
et al. 2021; Teixeira et al. 2022). The composition and quality of EOs can be affected 
by numerous factors inherent to the plant, such as botanical source, geographical 
location, stage of development, climatic conditions, growing season, stage of ripe-
ness, and harvest (Sabo and Knezevic 2019; Arruda et al. 2022). In addition, the 
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Fig. 14.1 Applications of essential oils in food processing and packaging  

extraction method and storage conditions can strongly affect the stability of EOs 
(Vianna et al. 2021). 

In this sense, the variability in the composition of EOs can confer different bio-
logical properties and directly affect their antimicrobial and antioxidant potential 
(Arruda et al. 2022; Teixeira et al. 2022). Therefore, knowing the mechanism of 
action of each EO is essential to define which compound will be used depending on 
the target microorganism and the food matrix used (Arruda et  al. 2022; Teixeira 
et al. 2022). 

14.2.1  Bioactivity of EOs: Mechanism of Antimicrobial 
and Antioxidant Activities 

The main compounds associated with EOs’ antimicrobial activity are described as 
low molecular weight substances, most of them are aldehydes, terpenes, and 
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terpenoids, with aromatic or aliphatic carbon chains (Ju et al. 2019; Arruda et al. 
2022; Teixeira et al. 2022). The antimicrobial activity of these complex mixtures 
has already been verified in a wide spectrum of microorganisms, including Gram- 
positive and Gram-negative bacteria, yeasts, and molds (Nionelli et al. 2018; Arruda 
et al. 2022). 

The mechanisms of action of EOs are directly associated with the chemical 
structure of their components (Ju et  al. 2019). In general, these compounds can 
damage the structure and affect the function of the bacterial cell membrane (Ni et al. 
2021). In addition, EOs may have other pathways of action, such as cell wall dam-
age, inhibition of peptidoglycan and ATP synthesis, mitochondrial disruption, ribo-
somal dysfunction, DNA damage, and inhibition of gene expression (Ju et al. 2019; 
Ni et al. 2021; Arruda et al. 2022). Furthermore, EOs may exert interesting effects 
on virulence, motility, sporulation, and biofilm formation factors of microorganisms 
(Sabo and Knezevic 2019; Cáceres et  al. 2020; Moradi et  al. 2020; Arruda 
et al. 2022). 

In parallel, EOs are excellent sources of natural antioxidants (Simionato et al. 
2019; Bastos et  al. 2020). The antioxidant mechanism of each fraction strongly 
depends on its chemical composition (Arruda et al. 2022). Mainly, the antioxidant 
activity of EOs is associated with biologically active compounds such as terpenoids 
and phenolic acids (Thokchom et al. 2020), acting by donating hydrogen to highly 
reactive compounds, preventing the formation of radicals (Arruda et al. 2022). 

14.2.2  Essential Oils and their Prospects in Food Packaging 

EOs present some challenges, such as low water solubility, strong lipophilicity, and 
high volatility (Prakash and Kiran 2016; Prakash et  al. 2018a; Ju et  al. 2019). 
Furthermore, they lack photothermal resistance and are prone to oxidative decom-
position, which limits their direct application in food systems (Ju et  al. 2019). 
Furthermore, EOs have several intrinsic challenges that make their application dif-
ficult as food preservatives. For example, scarcity of raw materials, chemotypic 
variation, low solubility in water, low stability during storage, and the threat of 
biodiversity loss are some of the main challenges to producing EOs on an industrial 
scale (Prakash and Kiran 2016; Prakash et al. 2018a). In parallel, the characteristics 
of the food matrix together with extrinsic factors such as temperature, gaseous com-
position, and microbial species can reduce the bioactivity of EOs (Calo et al. 2015; 
Prakash et al. 2018a). Therefore, improving the stability and durability of EOs has 
become essential to maintain biological activity, reduce volatility, and minimize 
adverse effects on aroma and flavor (Ju et al. 2019). 

For this, EOs are being incorporated into food packaging to overcome these bar-
riers and enhance their performance by increasing the contact area and dispersibility 
of these components on the food surface (where there is a higher incidence of 
microorganisms) (Donsì and Ferrari 2016; Ni et al. 2021). As a result, there is an 
increase in the shelf life of perishable foods, protecting against oxidation, vitamin 
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loss, enzymatic browning, and microbial growth (Mir et  al. 2018; Vianna et  al. 
2021; Arruda et al. 2022). 

In recent years, there have been reports of food preservation based on EOs 
(directly applied into food matrix and as active additive in food packaging) obtained 
from fennel (Pimpinella anisum), cloves (Syzygium aromaticum), peppermint 
(Mentha piperita), oregano (Origanum vulgare), cinnamon (Cinnamomum zeylani-
cum), lemongrass (Cymbopogon citratus), rosemary (Salvia rosmarinus), thyme 
(Thymus vulgaris), ginger (Zingiber officinale Roscoe), and other plants (Tu et al. 
2018; Ju et al. 2019; Satyal and Setzer 2020). 

Strategically, the incorporation of EOs in packages modifies the characteristics 
of the packaging material and can increase its durability along with the improve-
ment of the packaged food’s shelf life (Mir et al. 2018; Alizadeh-Sani et al. 2020; 
Arruda et al. 2022). In addition, the combination of different EOs is an interesting 
strategy to obtain a synergistic effect (Arruda et al. 2022). 

However, several aspects must be considered to guarantee the desired effects, 
including the polymer used, the composition and concentration of the EO, the 
desired activity, and the characteristics of the food to be packaged (Arruda et al. 
2022). In specific situations, the sensorial aspects of EOs can carry a positive inter-
pretation for consumers due to their harmony with packaged food (Moraczewski 
et al. 2020; Jafarzadeh et al. 2021). Nevertheless, in other cases, the presence of EOs 
directly incorporated into films can negatively affect consumer perception (Noori 
et al. 2018; Arruda et al. 2022), requiring other incorporation strategies. 

In this sense, nanotechnology has been extensively studied to improve the appli-
cation of EOs in food packaging to overcome limitations such as low solubility, 
high instability, and degradability (Bora et al. 2020; Alfei et al. 2020). In the follow-
ing section, this topic is discussed in more detail. 

14.3  Carrier Systems: Nanotechnological Approaches Versus 
Industrial Application of Essential Oils 

The field of nanochemistry research has shown great progress in the development of 
novel nanocarriers as potential active compound delivery systems. As mentioned, 
nanomaterials have at least one dimension in the range between about 0.1 to 100 nm, 
which differs from the bulk material, resulting in novel characteristics. 
Nanotechnological materials have been prepared by the top-down approach, which 
involves the breakdown of materials, or through “bottom-up” forms in which nano-
structures and nanomaterials are synthetized through the utilization of supramolec-
ular and biomimetic materials. Both approaches have interfaces with biology and 
biomimetic chemistry, engendering the field of nanobiology (Steed et al. 2007). 

The nanocarrier materials offer many advantages such as (1) improving pharma-
cokinetics and biodistribution of active agents due to a higher ratio of surface area 
to volume; (2) diminishing toxicity by their preferential accumulation at the target 
site, facilitating intracellular delivery; and (3) improving compound stabilization 
(Steed et  al. 2007; Pardakhty and Moazeni 2013; Moghassemi and Hadjizadeh 
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2014). Therefore, the use of nanotechnology to develop EOs-based preservatives 
may increase their effectiveness in food packaging (Abdalkarim et al. 2021; Ahmed 
et al. 2022; Arruda et al. 2022). 

There are distinct systems that can be used as carriers and their forms are impor-
tant for the application as followed by the discussion. 

14.3.1  Nanoemulsions 

Despite the huge interest in the use of EOs by the food industry, some issues still 
need to be solved. To overcome those disadvantages mentioned in previous sec-
tions, the nanoemulsions (NEs) can be explored. NEs are emulsions with droplet 
sizes around 100 nm, in which the dispersed phase is oil, and the continuous phase 
is water (O/W). These two immiscible phases are kinetically stabilized by a surfac-
tant. Some characteristics of NEs, such as high surface area per unit volume, higher 
kinetic stability, optically transparency, and increase of bioavailability of EOs 
(Safaya and Rotliwala 2020) make these nanomaterials a great choice for a lot of 
applications in food production, especially in food packing. 

NEs can be prepared by high-energy methods, including high-pressure homog-
enization, ultrasound emulsification and microfluidization, or low-energy methods, 
such as spontaneous emulsification, phase inversion temperature, phase inversion 
composition, and emulsion inversion point. Each method has advantages and disad-
vantages. In general, low-energy methods are easy to scale up to industrial produc-
tion, however, requiring high concentrations of surfactants. On the other hand, the 
high-energy methods are less suitable for industrial scale compared to low-energy 
methods and, due to their higher energy requirements, are more expensive (Singh 
and Pulikkal 2022). 

Although some issues still need to be improved, several studies have shown great 
potential for the application of NEs in food packaging. Functional gelatin-based 
composite films incorporated with oil-in-water lavender essential oil nanoemulsion 
were effective for cherry tomatoes preservation. The films exhibited strong antibac-
terial activity against Staphylococcus aureus, Escherichia coli, and Listeria mono-
gytogenes. Additionally, the films present good UV light barrier and heat-sealing 
properties (Sun et al. 2021). 

Another study, with Trachyspermum ammi essential oil nanoemulsion (TOEN) 
loaded in alginate-based edible coating, evidenced that TOEN prevented the growth 
of L. monocytogenes in turkey fillets even after 12 days of cold storage. The study 
comparatively investigated TOEN in the forms of emulsion and NE against inocu-
lated L. monocytogenes in turkey fillets for 12 days of storage at 4 ± 1 °C, with NE 
being very effective (Kazemeini et al. 2021). 

Studies also have proved that NEs can be successfully applied in food coating. 
Carnauba NE-based coatings improved shelf life and maintained papaya fruit qual-
ity during storage by retarding firmness loss, and color changes, also reducing res-
piration rates, resulting in delayed ripening. Furthermore, the incorporation of 
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ginger essential oil in the coating presented some positive effects on fungal disease 
control (Miranda et al. 2022). 

The influence of cumin EO NE (COEN) used as a brined solution on the quality 
of white soft cheese was reported (El-Sayed and El-Sayed 2021). S. aureus, Bacillus 
cereus, Pseudomonas aeruginosa, E. coli, L. monocytogenes, Salmonella 
Typhimirum, Yersinia enterocolitica, Aspergillus niger, and Aspergillus flavus were 
significantly inhibited by COEN. In cheese preserved with 1% COEN, the counts of 
psychrotrophic, yeasts and molds were not detected after 60 days of storage. 

The antimicrobial mechanism of action of EOs NE is related to the cell mem-
brane. The high surface area of NE facilitates the interaction of cell membranes and 
EOs. Thyme EO NE (TEON) prepared by ultrasonication promoted membrane dis-
integration with massive leakage of cytoplasmatic inclusion on E. coli 0157:H7 and 
S. aureus. The bacterial death was associated with modifications in fatty acid com-
position after TEON exposure (He et al. 2022). 

Frank et al. (2018) developed alginate-based films incorporated with cinnamon 
EO NE (CEO-NE) to assess antimicrobial potential. These films based on CEO-NE/ 
alginate showed antibacterial activity against Gram-positive and Gram-negative 
bacteria and may be useful in obtaining active packaging against the proliferation of 
bacteria and preservation of fresh foods. 

In another example, Souza et al. (2021) developed thermoplastic starch (TPS) 
films containing Pickering emulsions stabilized with nanocellulose of different EOs 
(ho wood, cardamom, and cinnamon). All obtained films showed lower crystallinity 
than pure TPS, high thermal stability, and lower water vapor transmission rate. 

14.3.2  Polymeric Nanomaterials 

14.3.2.1  Nanoparticles 
Polymeric nanoparticles (PNPs) are formed by polymers, which can be of natural, 
semisynthetic, or synthetic origin, nontoxic, biodegradable, biocompatible, and 
responsible for carrying bioactive compounds. PNPs are particles with a size rang-
ing from 1 to 1000 nm. Some of these PNPs can adsorb bioadditive compounds on 
the surface of the polymeric core or can carry these compounds through entrapment. 
The term “nanoparticle” refers to nanocapsules and nanospheres, which differ in 
structural organization and composition, as shown in Fig.  14.2 (Zielińska et  al. 
2020; Lima et al. 2022).  

Nanocapsules are reservoir-type systems that have a polymeric shell arranged 
around an oil core. The EO (or another bioactive compound) may be contained in 
the core and/or adsorbed to the polymeric wall. The nanospheres are of the matrix 
type and do not have oil in their formulations. Despite being formed by a polymeric 
matrix, it is not possible to identify a differentiated nucleus. In this case, the bioac-
tive constituents can be homogeneously dispersed or solubilized within the poly-
meric matrix (Singh and Lillard 2009; Jawahar and Meyyanathan 2012; Ivanova 
et al. 2020). 

T. R. Arruda et al.



311

Fig. 14.2 The two main types of polymeric nanoparticles: nanocapsule and nanosphere  

PNPs are used as carriers of proteins, antigens, and drugs for topical, oral, inject-
able administration, and bioadhesive systems, being the main component of con-
trolled release systems in the form of implants (Pudlarz and Szemraj 2018; Lima 
et  al. 2022). One of the main advantages of PNPs encompasses the carrying of 
bioactive compounds that can have controlled release. In addition, PNPs can protect 
bioactive constituents from the environment, resulting in better biological activity, 
therapeutic index, and bioavailability (Begines et al. 2020; Zielińska et al. 2020). 

PNPs can be used in the area of pollution control and environmental technology, 
in conductive materials, sensors, biotechnology, medicine, the food industry, and 
others. One of the highlights of the use of PNPs is the application in active materials 
for food packaging, which can provide a barrier to gases, humidity, temperature, 
and stability (Kumar et al. 2021a; Gupta et al. 2022). 

14.3.2.2  Nanofibers 
Along with PNPs, nanofibers (i.e., fibers with nanometric diameter) have been 
widely used to provide a suitable vehicle system to deliver EOs. As well as PNPs, 
the nanofibers can supply naturally derived chemical compounds, such as EOs, in a 
controlled manner and prevent their degradation. However, the main characteristic 
of these 1-D structured nanomaterials is their large surface-to-volume ratio com-
pared to other nanostructures (Partheniadis et al. 2022). 

Despite the large number of procedures that can be applied to nanofibers manu-
facturing (e.g., freeze-drying, self-assembly, phase separation, template synthesis, 
and spinneret-based engineered parameters), so far, the most widely applied to bio-
actives’ delivery is electrospinning. This technique is based on the application of a 
strong electric field, with high voltages being used during the nanofibers produce 
(c.a.,1–30 kV) (Hu et al. 2014). The core material (EO) is located inner the nanofi-
ber, covered by the shell material (polymer), but the dispersion of EO on the nano-
fiber depends on which generation method is employed during the fibers’ 
manufacturing: nanoemulsion, conventional, and coaxial electrospinning 
(Partheniadis et al. 2022) (Fig. 14.3).  

Furthermore, considering nanofibers produced from electrospinning, some 
advantages may be acquired, such as (1) it can produce very thin fibers (of few 
nanometers in diameter) with large specific surface areas (high surface-to-volume 
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Fig. 14.3 Schematic illustration of shell and core materials’ disposition into nanofibers, depend-
ing on electrospinning procedure: (1) nanoemulsion, (2) conventional and (3) coaxial  

ratio) and large interstitial spaces (voids), (2) it can provide ease of functionaliza-
tion, (3) the produced electrospun nanofibers exhibit superior mechanical proper-
ties, (4) it is a versatile process, and (5) it is amenable for scale-up (Partheniadis 
et  al. 2020); thus, several studies have been covering the EOs encapsulation by 
electrospun nanofibers (Rather et al. 2021). 

14.3.2.3  Natural Biopolymers Used in Polymeric 
Nanomaterials Development 

Polimeric materials can be employed as the package material perself or as the suport 
material in nanocarriers. The use of synthetic polymers in food packaging is very 
practical and cost-effective. The most used are polyethylene, polypropylene, poly-
vinyl chloride, polyethylene terephthalate, polyurethane, polyamides, etc. These 
materials have excellent properties concerning chemical and physical resistance, 
sealing qualities, mechanical properties, lightness, and durability. However, most of 
the plastic is discarded and can already be found in a widespread way: in the soil, in 
the oceans, in drinking water, in the air, and in the bodies of animals and human 
beings (Nielsen et al. 2020). Worldwide, only 18% of synthetic polymers are recy-
cled, 24% are incinerated and the rest, 58%, enter the natural environment or are 
landfilled, potentially accumulating with long persistence (Geyer et  al. 2017; 
Chamas et al. 2020). Thus, employing natural materials in the development of poly-
meric nanocarrier systems may act as a great strategy, especially concerning food 
packaging development. 
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The main biodegradable polymers of natural origin that are currently applied at 
nanozised carriers to EOs are cellulose, chitosan, alginate, carrageenans, agar, 
starch, proteins, and pectins. We can also cite other biopolymers that have been cur-
rently studied on the production of PNPs, such as PLA (polylactic acid), PHA 
(polyhydroxyalkanoate), PCL (poly-ε-caprolactone), PGA (polyglycolide), PVA 
(poly vinyl alcohol), and PBS (polybutylene succinate). The advantages of these 
polymers are that they are easily hydrolyzed by enzymes and are environmentally 
friendly (Teixeira-Costa and Andrade 2022; Zheng et al. 2022). 

Cellulose and Derivatives 
Cellulose is the most abundant and renewable biopolymer found in nature, which 
plays a structural role in the cell walls of higher plants, aquatic species, and micro-
organisms (e.g., bacteria, fungi, and algae) (Favier et al. 1995; Andriani et al. 2020). 
Cellulose can be extracted from materials such as wood, cotton, straw, and hemp. 
This polymer is a polysaccharide formed by linear D-glucose chains joined by 
β(1–4) bonds, which do not exist in the form of molecules in nature but crystallize 
due to intermolecular hydrogen bonds (Klemm et al. 2005). 

Cellulose-based packaging presents a barrier to water vapor, air, and oxygen. 
Hydrogen bonds within and between cellulose fibers are considered to be an impor-
tant factor in determining their chemical and physical properties. Furthermore, 
some derivatives with greater solubility and processability can be obtained from 
cellulose (Liu et al. 2021). For example, cellulose acetate is one of the most widely 
used cellulose derivatives, being obtained from the reaction of cellulose with acetic 
acid or acetic anhydride, catalyzed by sulfuric or perchloric acid, resulting in a mol-
ecule with one or more -OH groups of glucose replaced by an acetate group 
(Fig. 14.4).  

Cellulose acetate can be dissolved in acetone and has been used as a food pack-
aging material, although it has a relatively high permeability to water and oxygen. 
In addition to forming films, cellulose can also be processed into nanocrystals and 
nanofibrils, which are widely used as fillers in other polymers. Cellulose nanocrys-
tals are obtained by acid or enzymatic hydrolysis and cellulose nanofibers are 
obtained by mechanical homogenization of pure cellulose fibers, which have previ-
ously been chemically or enzymatically treated. Cellulose nanofibers have proper-
ties of some fluids and gels, being considered a pseudo-plastic (Romão et al. 2022). 

Bacterial nanocellulose is a β-D-glucopyranose-type biopolymer produced by 
specific types of bacteria (Agrobacterium, Rhodobacter, Komagataeibacter, 
Alcaligenes, Achromobacter, Aerobacter, Pseudomonas, Rhizobium, Sarcina, and 
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Fig. 14.4 Scheme of the cellulose acetylation reaction to obtain cellulose acetate  
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Dickeya). The material is secreted extracellularly as a network of randomly distrib-
uted nanofibers, linked in a highly cross-linked three-dimensional fashion with a 
unique, porous matrix. Compared to plant cellulose, the advantages of bacterial 
nanocellulose are: they are physically and mechanically more resistant, purity, they 
are produced free of hemicelluloses and lignin, they can be shaped during cultiva-
tion into three-dimensional structures, they have a high degree of crystallinity, high 
porosity, excellent water retention capacity and biocompatibility. Thus, it is a mate-
rial of interest not only to the food industry but also to several other sectors (e.g., 
electronics, pharmacy, medicine, cosmetics, and textiles) (Sharma and Bhardwaj 
2019; Ludwicka et al. 2020). 

Cellulose has great sensorial advantages (e.g., non-pronounced sensorial aspects, 
such as aroma and color, good appearance) that reflect on their applicability to food 
packaging development, being also a great option to carry antimicrobials and anti-
oxidants, for example, by nanoencapsulating bioactive compounds for their con-
trolled release in the matrix (Gupta et al. 2022; Silva et al. 2020). 

Razavi et al. (2022) used cinnamon EO (CEO) nanocapsules at concentrations of 
0.03–0.48% (v/w), using fish gelatin as the main polymeric phase (3% w/w), stabi-
lized using bacterial cellulose nanocrystals at 0.06% (w/w). The obtained film effec-
tively provided a great barrier against water vapor, oxygen, and carbon dioxide, also 
showing interesting potential for increasing the shelf life of mollusks, crustaceans, 
vegetables, and fruits. 

Chitosan 
Chitosan is one of the most studied biopolymers with antimicrobial properties for 
food packaging, due to its ability to form films and coatings. Chitosan exhibits anti-
microbial activity against foodborne bacteria, yeasts, and a wide variety of filamen-
tous fungi, being more active against yeasts (Díaz-Montes and Castro-Muñoz 2021). 

Chitosan is obtained from chitin by a partial deacetylation reaction (Fig. 14.5). 
Chitin, the second most abundant polysaccharide in nature after cellulose, is found 
mainly in the exoskeleton of crustaceans, crabs, shrimp shells, and insects. The 
structure of chitin is similar to that of cellulose, with the difference being the pres-
ence of the acetamide group (-NHCOCH3), located on carbon 2, meanwhile, in 
cellulose, there is a hydroxyl (-OH) in this position. Chitin is composed of (1,4)-β-2- 
acetamido-2-deoxy-D-glucopyranose units and small amounts of (1,4)-β-2- 
amino-2-deoxy-D-glucopyranose units, and chitosan is composed of 

Fig. 14.5 Scheme of the chitin deacetylation reaction to obtain chitosan  
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N-acetyl-D-glucosamine and deacetylated D-glucosamine units (Jin et  al. 2021; 
Kozma et al. 2022).  

Chitin is insoluble in many organic and inorganic solvents, while chitosan is 
soluble in slightly acidic solutions, such as formic, acetic, malic, citric, tartaric, or 
lactic acid, among others, due to the presence of the amino group (-NH2) located in 
the C-2 from D-glucosamine (Melro et al. 2020). This NH2 group can be protonated 
in an acid medium, promoting the polycationic behavior of chitosan chains, which 
can influence its physical-chemical, mechanical, and biological properties. 
Furthermore, the polycationic chain of chitosan can electrostatically interact with 
polyanionic biopolymers, such as sodium alginate, and amphiphilic proteins. The 
protonation of amino groups provides the interaction of chitosan with microorgan-
isms’ cell membranes that are mainly negatively charged, altering their permeabil-
ity and metabolism, chelating trace metals and spores of microorganisms, thus 
leading to cell death and inhibiting microbial growth (Li et al. 2020). 

Chitosan can be chemically modified, due to the presence of -OH and -NH2 
groups, with the introduction of other functional groups that aim to enhance its solu-
bility and antimicrobial activity (Aljawish et al. 2015). 

Gasti et  al. (2022) developed chitosan/pullulan (CS/PL) nanocomposite films 
loaded with clove EO (CEO):chitosan-ZnO hybrid PNPs. Incorporation of the 
active PNPs led to higher film hydrophobicity, higher oxygen barrier, higher UV 
light blocking ability, higher tensile strength, and higher water vapor barrier com-
pared to pure CS/PL film by the inclusion of PNPs. There was an increase in anti-
oxidant activity and relevant antibacterial activity against P. aeruginosa, S. aureus 
and E. coli. Additionally, the obtained films showed potential to poultry meat’s shelf 
life extension by up to 5 days when stored at 8 ± 2 °C. 

Ferreira et al. (2021) prepared thermoplastic starch (TPS) films filled with chito-
san PNPs containing ho wood and cinnamon EOs. The films containing 1 and 3% 
w/w of active PNPs showed lower permeability to water. At a concentration of 3% 
w/w of PNPs, there was inhibition of the bacterial growth of E. coli and Bacillus 
subtillis. Applying the active films on the shelf life extension of strawberries, films 
containing 1 or 3% w/w loaded-PNPs were responsible to inhibit fungal growth, 
also preventing fruits’ weight loss. 

Alginates 
Alginate is a biopolymer extracted from brown algae such as Ascophyllum nodo-
sum, Laminaria digitata, and Macrocystis pyrifera. In the food industry, alginate is 
often used as a gelling agent, thickener, and stabilizer (Abka-Khajouei et al. 2022). 
Alginate is a polysaccharide composed of molecules of β-D-mannuronic acid and 
α-L-guluronic acid linked by 1,4-bonds, which can be in the form of β-D- 
mannuronate (M) and α-L- guluronate (G) (Abasalizadeh et al. 2020). These units 
are randomly distributed in a linear chain, formed by links between M-G, M-M and 
G-G (Fig. 14.6).  

The properties of alginate are influenced by changes in pH, due to the presence 
of carboxylic groups in the structure at pHs lower than 3.4, that is, below the pKas 
of M (3.38) and G (3.65) the carboxylic groups become non-ionized (-COOH), so 
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Fig. 14.6 Structures of alginates monomers: 1,4-β-D-Mannuronate (M) and 1,4-α-L-Guluronate 
(G) and the possible bonds between them forming M-G, M-M and G-G  

the alginate is insoluble. In pH conditions greater than 4.4, the carboxylic groups 
become ionized (-COO−) and the expansion of the alginate chain occurs due to the 
electrostatic repulsion of negative charges, with the apex at higher pH values, in this 
case, pH above 7.4 (Agüero et al. 2017; Teixeira-Costa and Andrade 2022). 

Alginate can absorb cationic ions, due to its anionic nature, and can therefore be 
used to remove pollutants in an aqueous solution. In addition, alginate can absorb 
dyes and can be useful in the food packaging industry, which can prevent food con-
tact with dyes (Zhang et al. 2022b; ALSamman and Sánchez 2022). This interesting 
property also allows alginate to be a potential material in the development of PNPs, 
especially along with other polymeric material. Some examples of alginate-based 
PNPs are alginate/cashew gum nanoparticles for Lippia sidoides EO encapsulation 
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(de Oliveira et al. 2014) and chitosan/alginate nanocapsules as carrier materials for 
turmeric (Curcuma longa) and lemongrass (Cymbopogon citratus) EOs (Natrajan 
et al. 2015). 

Carrageenans and Agar 
Carrageenans are anionic sulfated linear polysaccharides obtained from red marine 
algae of the Rhodophyceae family. Carrageenans contain alternating units of 
1,3-β-D-galactopyranose and 1,4-α-D-galactopyranose (Chauhan and Saxena 2016; 
Lee 2020). The most used types in the industry are the κ-(kappa), ι-(iota), and 
λ-(lambda) carrageenans (Fig. 14.7), this classification is according to their molecu-
lar structures, such as the sulphation arrangements, as well as the presence or 
absence of 3,6-anhydro-α-galactopyranose into the 1,4-linked α-galactopyranose 
unit (Lin et al. 2022a; Rupert et al. 2022).  

The κ-(kappa) and ι-(iota) carrageenans present 25–30% and 28–30% of sulfate 
content, respectively. These carrageenans can be used as a design for edible films 
and coatings, due to their high hydrophilicity, water solubility, and structural ability 
to form a helical assembly (Jancikova et  al. 2020; Teixeira-Costa and Andrade 
2022), but also present great prospects on the development of natural PNPs. 

Fani et al. (2022) designed κ-carrageenan (κC) PNPs containing the main con-
stituent of citrus EO, D-limonene, performing one-step electrospray synthesis. The 
D-limonene-κC PNPs of spherical morphology showed excellent levels of thermo-
stability and photostability. Toxicological studies of the material must be carried out 

Fig. 14.7 Structures of κ-(kappa), ι-(iota) and λ-(lambda) carrageenans  
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Fig. 14.8 Structures of 
agar components  

to verify its potential application in the release of bioactive molecules for drugs 
or foods. 

On the other hand, agar is a gelatinous polysaccharide derived from red algae, of 
the class Rhodophyceae, the main sources of this biopolymer are Gracilaria sp. and 
Gelidium sp. Agar has two components in its composition: agarose and agaropectin, 
which structures are shown in Fig. 14.8.  

Agarose is the gelling portion of agar, which is neutral and is made up of disac-
charide units formed by galactose and 3,6-anhydro-α-L-galactopyranose. 
Agaropectin is the non-gelling portion, which contains a sulfate group, D-glucuronic 
acid and pyruvic acid in its structure (Martínez-Sanz et  al. 2019; Mostafavi and 
Zaeim 2020). 

Carrageenans and agar have been used to make biodegradable packaging films 
(i.e., together, these materials can improve their negative aspects, such as the low 
mechanical properties of agar and high water solubility of carrageenan). Their prop-
erties can be also successfully used to develop EOs’ PNPs, helping to overcome 
EOs limitations on food packaging applications. 

Starch 
Starch is a natural polysaccharide used as a carbohydrate reserve in various plants, 
such as rice, potatoes, soybeans, oats, corn, sweet potatoes, yams, barley, sago, 
wheat, and vegetables (Horstmann et al. 2017). The different origins of starch and 
environmental factors during raw material cultivation can lead to differences in its 
crystallinity, which will significantly influence its processing properties (Dos Santos 
et al. 2016; Cornejo-Ramírez et al. 2018). 

Starch is composed of two types of polysaccharides: amylopectin (75–80%) and 
amylose (20–25%) (Fig.  14.9). Amylopectin has α-1,4-glycosidic linkages, and 
α-1,6-glycosidic linkages, which form highly branched polymers with 24 to 30 glu-
cose residues. Amylose is composed of end-to-end connected α-1,4-glycosidic 
bonds, which is an unbranched helical structure (Alcázar-Alay and Meireles 2015). 
This biopolymer is of great importance in the biotechnological and food industries, 
having as its great advantages: great abundance, low cost, worldwide availability, 
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Fig. 14.9 Structures of starch components  

biodegradability, good processability in conventional plastic processing equipment, 
and edibility (García-Guzmán et al. 2022).  

The high amylose content attributes better properties to starches in terms of 
strength, elongation capacity, and flow properties. One of the disadvantages of films 
made from starch is that they are generally brittle due to retrogradation, a phenom-
enon that occurs when amylose in the solution can crystallize forming two left- 
handed helices, which are packaged into amorphous types A and B, in this case, on 
cooling the starch reorganizes into a more crystalline structure (Liu et al. 2022). 

To circumvent the problem of retrogradation, mixing starch with water-soluble 
polymers such as PVA, or modifying and cross-linking the –OH groups can effec-
tively suppress retrogradation, resulting in starch-based polymers that are useful for 
packaging applications (García-Guzmán et al. 2022). 

Starch molecules are highly hydrophilic as they contain many hydroxyl groups, 
which results in poor water resistance and poor mechanical properties in humid 
environments. In this case, it is necessary to strengthen the mechanical and barrier 
properties of starch-based packaging materials (Liu et al. 2022). 

One of the strategies is to convert natural starch into thermoplastic starch (TPS) 
by treatment with plasticizers (glucose, amino acids, urea, glycerol, etc.) under heat 
and/or shear. Still, TPS has lower mechanical and barrier properties than conven-
tional petroleum-based plastics (Lopez-Gil et  al. 2014). The TPS has to be rein-
forced to obtain homogeneous properties for packaging, which can be done by 
mixing the surface, modifying the presentation, cross-linking, acetylation, organic 
and inorganic fillers, and mixing with other polymers. (PVA, PLA, PE, PP, PS, and 
others) (Mohammadi Nafchi et al. 2013; Tarique et al. 2021). 

14 Recent Advances in Nanotechnological Approaches to Enhance the Industrial…



320

Wang et  al. (2022) developed a film obtained from starch/polyvinyl alcohol 
(STA/PVA) loaded with oregano essential oil (OEO) adsorbed on microporous 
starch (MS) to be used in sea bass packaging. The films with the incorporation of 
OEO-MS obtained better tensile strength, lower permeability to water vapor and 
oxygen, and exhibited antimicrobial and antioxidant activities. Using such film 
extended the shelf life and better preserved the freshness of the sea bass. 

Proteins 
Natural proteins can be used in food packaging development. Protein-based bio-
polymers have low oxygen permeability and good mechanical properties, which 
may be superior to those presented by biopolymers based on polysaccharides and 
lipid compounds (Hammam 2019; Kumar et al. 2021a). Along with this usage as the 
polymer matrix in food packaging manufacturing, proteins also have been studied 
as shell material in PNPs carriers for EOs. 

Proteins naturally exist as fibrous or globular, the former serves as a structural 
material for animal tissues and are insoluble in water. Globular proteins are present 
in living systems, being soluble in water or aqueous solutions of acids, bases, and 
salts. Fibrous proteins are shown to be extended and with chains associated with 
each other by hydrogen bonding to form fibers. Globular proteins fold into complex 
spherical structures held together by hydrogen bonds, ionic, hydrophobic, and cova-
lent forces (disulfide bonds) (Basiak et al. 2017; Senthilkumaran et al. 2022) 

The physical and chemical properties of these proteins depend on the location 
and amount of amino acid residues along the polypeptide chain. Collagen is a 
fibrous protein that can be used in the production of edible films. Among the globu-
lar proteins, soy protein, whey protein, mung bean protein, wheat gluten, and corn 
zein have been studied for use in food packaging (Kumar et al. 2022). 

Proteins are not completely hydrophobic, due to the predominantly hydrophilic 
amino acid residues, there is a limitation in their moisture barrier property. For 
example, to obtain edible films of proteins with low permeability to water vapor, it 
is necessary to add hydrophobic constituents (Huo et al. 2018; Mihalca et al. 2021; 
Chaudhary et al. 2022). 

Gelatin is a high molecular weight polypeptide (composed of 19 amino acids) 
obtained from the hydrolysis of collagen. Gelatin has a high content of proline, 
hydroxyproline, and glycine, having a mixture of unfolded single and double chains 
with a hydrophilic character (Fig. 14.10). Gelatin has excellent film-forming prop-
erties, reasonable barrier and mechanical properties, and high flexibility. One of the 
great advantages of film gelatine is that it intrinsically has antimicrobial and antioxi-
dant activity (Ramos et al. 2016; Ma et al. 2018; Lu et al. 2022).  

The limitation of the use of gelatin as a film is the issue of its high sensitivity to 
humidity, in contact with water, they swell, crack and dissolve. To improve the 
water barrier of gelatin-based materials, it is common to mix them with other mate-
rials, such as fibers and other polymers (Said and Sarbon 2022). 

For example, Angourani et al. (2022) successfully developed plant-protein-based 
PNPs containing Rosemary (Rosmarinus officinalis) EO, which can be applied not 
only in food packaging but also in other industry sectors, such as the 
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Fig. 14.10 Gelatin structure  

Fig. 14.11 Structure of a pectin molecule. Residues of rhamnose, galactose, arabinose, and 
xylose are not included. Adapted from Alkorta et al. (1998)  

pharmaceutical. Furthermore, proteins can also be applied in nanofibers. Using the 
electrospinning technique, a study was carried out with gelatin nanofibers with 
encapsulated angelica essential oil (AEO) in order to obtain a material with the 
potential to be used in active packaging. With the addition of AEO, there was an 
improvement in hydrophobicity, an increase in antioxidant activity and an antibac-
terial effect against Gram-positive and Gram-negative bacteria. In addition, there 
was no effect of cytotoxicity (Zhou et al. 2020). 

Pectin 
Pectin is a natural and abundant heteropolysaccharide, present in plant cell walls, 
composed of β-(1–4)-D-galacturonic acid, galactose, arabinose, and rhamnose 
(Fig. 14.11). The pectin chain can have different degrees of methyl esterification, an 
important factor in its film-forming and gelling properties (Ravishankar et al. 2012; 
Chandel et al. 2022).  

Pectin has excellent gelling ability in acidic solutions, which is why it is widely 
used as an additive in the beverage and food industry. Pectin is used in ice cream, 
dairy drinks, and jellies as a thickening agent or colloidal stabilizer. Pectin can be 
used in the production of films for food packaging, as it is edible, can form gels and 
films, and is biocompatible and biodegradable (Jiang et al. 2021; Freitas et al. 2021). 

The use of pectin in packaging has major limitations, as this biopolymer is highly 
hydrophilic, fragile, and has low tensile strength. To overcome these obstacles, 
other biopolymers must be added to the pectin matrix to improve its mechanical 
properties and reduce its flexibility (Almasi et  al. 2020; Huang et  al. 2021). For 
example, D-limonene (i.e., an important EO’s component) was successfully nano-
encapsulated by pectin and whey protein concentrate (Ghasemi et al. 2018; Rehman 
et  al. 2019). The authors investigated different pectin (0.5, 0.75, 1%) and whey 
protein concentration (4, 6, 8%), in 3 distinct pH values (3, 6, 9), determining the 
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Fig. 14.12 Structures of biopolymers. (a): PLA (polylactic acid); (b): PHAs (polyhydroxyal-
kanoates) - poly(3-hydroxybutyrate) (PHB), polyhydroxyvalerate (PHV) and polyhydroxyhexano-
ate (PHH); (c): PCL (polycaprolactone); (d): polyglycolic acid (PGA) and poly(lactic 
acid-co-glycolic acid) (PLGA); (e): polyvinyl alcohol (PVA); and (f): poly(butylene succi-
nate) (PBS)  

stability of the product. The results indicated that optimum formulation regarding 
stability, color, and viscosity was obtained with 1% pectin and 4% WPC, with pH 3. 

Other Biopolimers 
Some relatively novel bioplastics have been used in food packaging development. 
These materials have been developed to obtain sustainable packages and replace 
synthetic polymers. Examples of these polymers include polylactic acid (PLA), 
polyhydroxyalkanoate (PHA), polycaprolactone (PCL), polyglycolic acid (PGA), 
polyvinyl alcohol (PVA), poly lactic acid-co-glycolic acid (PLGA), and poly butyl-
ene succinate (PBS). The structures of these polymers are shown in Fig. 14.12.  

PLA 
Polylactic acid (PLA) is an aliphatic polyester synthesized from lactic acid mono-
mers, which can be obtained from the fermentation of renewable materials such as 
corn and waste cellulosic materials. PLA has important properties that make it 
attractive to be used as packaging, such as low permeability to gases and water, high 
transparency, and moderate tensile strength (Balla et al. 2021). 

Some studies have already investiaged PLA as nanocapsules material for 
EO. Antonioli et al. (2020) nanoencapsulated lemongrass EO in PLA nanocapsules 
and evaluated their antifungal activity in vitro and in vivo. They have shown in vitro 
antifungal activity against Colletotrichum acutatum and Colletotrichum gloeospori-
oides with a MIC dosage of 0.1% (v/v) for both phytopathogens. The in vivo were 
performed with postharvest apples, and the ones treated with nanoencapsulated EO 
showed bitter rot lesions three times smaller than the ones treated with non- 
encapsulated EO, or in comparison to the apples in positive control. 
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PHAs 
Polyhydroxyalkanoates (PHAs) are thermoplastic, biodegradable polymers pro-
duced by microorganisms. Currently, more than 100 types of PHA are known, the 
most widespread being polyhydroxybutyrate (PHB), followed by poly(3- 
hydroxybutyrate) (PHB), polyhydroxyvalerate (PHV), and polyhydroxyhexanoate 
(PHH). The use of encapsulation in PNPs based on polyhydroxyalkanoate (PHA) is 
being explored in obtaining biodegradable material for obtaining active packaging 
(Gadgil et al. 2017; Kumar et al. 2021b). 

Zheng et al. (2022) encapsulated Mexican oregano EO in polyhydroxybutyrate 
(PHB) and poly-3-hydroxybutyrate-co-hydroxyhexanoate (PHB-HHx) and studied 
in vitro release in simulated food media. Both nanosystems containing EO showed 
antimicrobial activity against Micrococcus luteus, PNPs based on PHB-HHx were 
more efficient than pure EO.  The use of PLA/PHA containing oregano EO was 
efficient in active packaging for puffer fish fillets. 

PCL. 
PCL (poli-ε-caprolactona) is obtained by ring-opening polymerization of 
ε-caprolactone or polycondensation of 6-hydroxyhexanoic acid. PCL has lower ten-
sile strength than PLA and has greater permeability to water vapor and oxygen than 
other biopolymers. To be used in active packaging, PCL is usually blended with 
other biopolymers (Shaikh et al. 2021). 

Concerning its application as a nanocarrier material, PCL was successfully used 
for the development of nanofibers aiming active packaging (Ferreira et al. 2021). 
Lavandula luisieri EO was successfuly incorporated in the form of a nonwoven 
substrate for museological packaging, but we can state that it can be potentially 
extended for further studies as food packaging. 

PGA and PLGA 
PGA (polyglycolide acid) is obtained by direct polycondensation of glycolic acid, 
ring-opening polymerization of glycolide (ROP), and solid-state polycondensation 
of halogen acetates. This polymer has high biodegradability, similar to cellulose. 
The greatest utility of PGA is as copolymers, such as poly(lactic-co-glycolic acid) 
(PLGA) obtained in 88:12, which means that the polymer is made of 88% lactic 
acid and 12% glycolic acid (Ayyoob et al. 2017). 

Zhu et al. (2019) encapsulated thymol (a constituent of oregano and rosemary 
essential oil) using PLGA microparticles, obtaining spherical and smooth micropar-
ticles, with optimal efficiency when encapsulating 20% (w/w) of thymol. These 
thymol-loaded microparticles showed relevant antibacterial activities against 
S. aureus and E. coli. Thus, PLGA microparticles loaded with thymol have the 
potential for use as preservation additives in foods. 

PVA 
PVA (polyvinyl alcohol) is a synthetic biopolymer. It is synthesized by the polym-
erization of polyvinyl acetate and then the subsequent hydrolysis of the acetate 
group. PVA has high polarity and hydrophilicity, thus, it is usually used in mixtures 
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with more hydrophobic constituents to obtain material to be used in active packag-
ing (Moulay 2015). 

Lamarra et al. (2020) produced PVA electrospun nanofibers and chitosan-based 
emulsions functionalized with cabreuva EO extracted from the wood of Myrocarpus 
fastigiatus. To overcome the low solubility of the EO and to protect it, the authors 
proposed a two-step process, emulsion formation compound by chitosan and PVA, 
and subsequent ionic cross-linking with sodium citrate. Nanofibers were also manu-
factured through the electrospinning method. The electrospun nanofibers exhibited 
the ability to be an effective carrier of the cabreuva EO and the capacity of control-
ling the compound release that proved an effective activity against broad spectra of 
microorganisms (Candida albicans, E. coli, S. aureus, and S. epidermidis). 

PBS 
PBS is a biodegradable polymer that can be obtained by the polycondensation of 
succinic acid (or dimethyl succinate) and 1,4-butanediol, these monomers can be 
obtained from renewable or fossil resources (Rafiqah et al. 2021). 

Using the PBS/geraniol mixture, solid and porous plaques with antimicrobial 
activity were obtained, which were inserted into bread packages. The bread preser-
vation period was extended by 5 and 10 days with the insertion of these solid and 
porous antimicrobial plates, containing 8% by weight of geraniol in the PBS matrix. 
(Petchwattana et al. 2021). 

There is a long way to go in terms of spreading the use of bioplastics. Globally, 
less than 1% of plastics used are of biological origin. These materials are hydro- 
biodegradable and despite some of them are still poorly adressed as nanocarriers for 
essential oils aiming food packaging application, there is a remarkable increase on 
the interest on this topic (Atta et al. 2022). 

14.3.3  Inclusion Complexation: Cyclodextrins Cases 

Within the area of supramolecular chemistry, molecular inclusion or inclusion com-
plexes (ICs) are studied, which refer to the confinement of a guest molecule within 
the cavity of a host molecule, also known as a cage compound, molecular capsule, 
or molecular container. The interactions between the trusting molecule and the host 
molecule are noncovalent, they occur through intermolecular forces (Huang and 
Anslyn 2015). This way, the interaction between the guest and host molecules differ 
to the encapsulation descibed before. 

Cyclodextrins (CDs) have been widely used in supramolecular encapsulation, 
mainly in the formation of inclusion complexes with volatile compounds, such as 
EOs (Kfoury et al. 2018). CDs are cyclic oligosaccharides composed of at least six 
D-glucose units linked by α-1,4 bonds. The production of CDs occurs from starch, 
by the action of cyclodextrin-α-glucosyltransferase, a transglycosidase responsible 
for cleaving an α-1,4 bond in amylose and forming the cycle (Wüpper et al. 2021). 

The most studied CDs are called α-, β-, and γ-cyclodextrins, which are composed 
of six, seven, and eight D-glucose residues, respectively. The shape of CDs 
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molecules is similar to a truncated cone, where the outer surface is hydrophilic due 
to the presence of hydroxyl groups (-OH) and the inner cavity has lipophilic/hydro-
phobic characteristics. In this way, compounds with hydrophobic characteristics can 
remain inside the internal hydrophobic cavity of CDs, leading to the formation of 
inclusion complexes with several hydrophobic substances (Fig. 14.13).  

One of the applications of the entrapment of EOs in CDs is to enable and modu-
late the controlled release of these volatile constituents when incorporated into 
active food packaging. ICs with basil EO (BEO) and Pimenta dioica (PDEO) in 
β-cyclodextrin (β-CD) were prepared in order to obtain sachets with antimicrobial 
activity for food preservation. The prepared ICs showed great potential for antimi-
crobial application and the sachets can be used in packaging for food preservation 
(Marques et al. 2019b). 

Marques et al. (2022b) used garlic essential oil (GEO) complexed or not with 
β-cyclodextrin, incorporated into a blend formed by cellulose acetate and zein, and 
added by glycerol or tributyrin as plasticizers, aiming to obtain films for active 
packaging. The IC addition into films, however, did not ensure antibacterial action, 
albeit that the IC with GEO, when tested alone, showed activity against both 
bacteria. 

14.3.4  Nanoliposomes 

The Greek roots of the word liposome mean “fat body”; however, we can describe 
them as hollow structures made of phospholipids (Lasič 1992). Liposomes are well- 
defined by Laouini et al. (2012) as microscopic spherical-shaped vesicles, which 
consist of an internal aqueous compartment, entrapped by one or multiple 

Fig. 14.13 Structures of α-, β-, and γ-cyclodextrins and the truncated cone shape of CDs 
molecules  
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concentric lipid bilayers. Because of their characteristics, hydrophilic substances 
can be encapsulated in the interior aqueous compartments, while lipophilic com-
pounds can be mainly entrapped within lipid bilayers. The similarity to the structure 
of biological membranes allows liposomes to mingle with the cells and tissues of 
human bodies (Lasič 1992). 

Liposomes were discovered in the early 1960s by the British scientist Alec 
Bangham, who soon recognized the encapsulated capacity of phospholipids with 
spherical forms (Lasič 1992). From 1970 to 1980, the potential applications of lipo-
somes in the pharmaceutical and medical industries produced an increasing interest 
as potential drug carriers (Lasič 1992, Laouini et al. 2012). The versatility of lipo-
somes leads them to a large number of applications including pharmaceutical, cos-
metics, and food industrial fields (Lin et  al. 2022b; Muñoz-Shugulí et  al. 2021; 
Ohishi et al. 2022). 

The phospholipid reorganization is mainly driven by the hydrophobic effect to 
minimize entropically unfavorable interactions between hydrophobic acyl-chains 
and surrounding aqueous medium (Lasič 1998, Lasič and Papadjopoulos 1995, 
Laouini et al. 2012). This effect is further settled by various intermolecular forces 
such as electrostatic interactions, hydrogen bonding, Van der Waals, and dispersion 
forces (Israelachvili et al. 1980; Laouini et al. 2012). 

The liposomes enhance the compounds’ performance through the increase of 
compounds’ solubility and stability, the delivery of encapsulated substances to spe-
cific target sites, the sustained compounds release, the high encapsulation efficiency, 
due to the low toxicity of the system, the substance protection against degradations 
factors such as pH and light, and the reduction of tissue irritation (Laouini et al. 
2012; Guimarães et al. 2021). 

To ensure proper liposome performance, batch-to-batch reproducibility and sta-
bility of the liposome dispersions have to be established (Laouini et al. 2012). 

14.3.4.1  Classical Liposomes Procedures 
The liposome is manufactured mainly with a phospholipid molecule, consisting of 
a polar hydrophilic “head,” typically a phosphate group, attached to a long nonpolar 
hydrophobic “tail” made of two long hydrocarbon chains (Lasič 1992). Generally, 
liposome composition includes natural and, or synthetic phospholipids (phosphati-
dylserine, phosphaticylethanolamine, phosphatidylinositol, phosphatidylcholine, 
also known as lecithin, and phosphatidylethanolamine) (Laouini et  al. 2012). 
Liposome bilayers may also contain other constituents such as cholesterol, hydro-
philic polymer conjugated lipids, and water to improve the membrane fluidity and 
bilayer stability, and reduces the permeability of water-soluble molecules through 
the membrane (Mozafari 2005; Laouini et al. 2012). 

Three attributes interest a scientist preparing a batch of liposomes, which are (1) 
the chemical composition of the lipid bilayer, (2) the size distribution of the lipo-
somes, and (3) the number of layers in each liposome (Lasič 1992). 

There are four classical methods of liposome manufacture. The difference 
between those methods is the step of drying the liposomes in the organic solvents, 
followed by their redispersion in aqueous media (Mozafari 2005; Laouini et al. 2012). 
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Briefly, the classical methods are (1) the Bangham method or hydration of a thin 
lipid film, in which the phospholipid and cholesterol were dispersed in an organic 
solvent, removed by evaporation, and then, hydrated with water under agitation 
(Laouini et al. 2012; Bangham et al. 1962); (2) the reverse-phase evaporation tech-
nique, a lipid film is prepared by evaporating organic solvent under reduced pres-
sure with nitrogen and the lipids are redissolved in a second organic phase (diethyl 
ether and/or isopropyl ether); (3) the solvent (ether or ethanol) injection technique 
involves the dissolution of the lipid into an organic phase (ethanol or ether), fol-
lowed by the injection of it into warmed aqueous media; (4) the detergent dialysis 
technique that produces liposome size ranging of 40–180 nm through lipids solubi-
lization with detergent which is removed by controlled dialysis, forming homoge-
neous unilamellar vesicles (Laouini et al. 2012). 

Bangham method is used to produce multilamellar heterogeneous liposomes 
with different sizes and shapes such as single bilayer shells around 10 nm diameter 
(Johnson et al. 1971), or multivesicular liposomal, when incorporated with lavender 
essential oil, sizing around 0.4–1.3 μm (Varoma et  al. 2011). The reverse-phase 
evaporation technique is used to produce large unilamellar and oligolamellar vesi-
cles (Laouini et al. 2012). While the solvent injection technique forms small lipo-
somes, with narrow distribution, without extrusion or sonification. The ether is 
removed from the liposomal product through heating while ethanol remains in the 
product (Laouini et al. 2012, Kryeziu et al. 2022). 

Classical techniques require large amounts of organic solvents, which are harm-
ful to the environment and human health, and consume a large amount of energy 
(Laouini et al. 2012). Therefore, new methods have been developed. 

14.3.4.2  New Large-Scale Liposome Technique 
An important point in the development of a suitable liposomal system is whether it 
is possible to prepare, isolate, and characterize a stable particular liposomal formu-
lation on an industrial scale, with clearly defined and reproducible properties, and 
accessible cost. The manufacturing of liposomes for human and animal use needs a 
sterilization step such as filtration; however, this technique cannot remove viruses 
(Brandl et al. 1993, Mozafari 2005). 

Heating is a method for the fast production of liposomes that involves the hydra-
tion of liposome components and glycerol (3 wt.) in an aqueous medium, followed 
by heating up to 120 °C (Kikuchi et al. 1991). Glycerol is a water-soluble and physi-
ologically acceptable chemical with the ability to increase the stability of lipid ves-
icles and does not need to be removed from the product (Laouini et al. 2012). No 
degradation of the lipids occurred at the above-mentioned temperatures, and no 
further sterilization procedures are necessary, reducing the time and cost of lipo-
some production (Mozafari et al. 2004). 

Another technique is the spray-drying process which is considered to be a fast 
single-step procedure applied in the nanoparticles’ formulation (Chougule et  al. 
2008). Hence, liposomes were prepared by suspending lecithin and mannitol in 
chloroform, sonicated, and subjected to spray-drying equipment. The conditions 
established were inlet and outlet temperatures, airflow rate, and flow rate (Laouini 
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et al. 2012). Liposomal powder formulations are more stable and more appropriate 
for long-term storage compared with liposomal dispersions (Ingvarsson et al. 2011). 
Spray drying is less expensive, and less time and energy-consuming compared with 
freeze drying, making it a suitable strategy to dry liposomal dispersions (Sepúlveda 
et al. 2021). However, one of the challenges of using liposome spray drying is to 
avoid membrane bilayer instability caused by heat-induced phase transitions (Van 
Den Hoven et al. 2012). Furthermore, both heat and high shear forces involved in 
the process may also induce degradation of the liposomal bilayer structure 
(Ingvarsson et al. 2011). 

Freeze drying process converts a liquid into a solid through three primary steps: 
(1) freezing, (2) primary drying (sublimation of ice), (3) and secondary drying 
(desorption of the remaining water under vacuum) (Franks 1998). This process, 
alone, generates various stresses on liposomes, induced by the dehydration and 
crystallization of ice. The stresses often lead to phase separation, aggregation, and 
drug leakage due to liposome disruption (Habib et al. 2022). The lyophilized prod-
uct spontaneously forms homogenous liposome preparation on the readdition of 
water. According to Laouini et al. (2012), the lipid/carrier ratio is the key factor that 
affects the size and the polydispersity of the liposome preparation. 

Alternatively, supercritical reverse-phase evaporation allowed aqueous disper-
sions of liposomes to be obtained through emulsion formation. A given amount of 
water is introduced into a homogeneous mixture of supercritical carbon dioxide and 
phospholipids, with sufficient stirring and subsequent pressure reduction (Otake 
et al. 2001). The vesicles produced by this method are large unilamellar, with diam-
eters ranging from 0.1 μm to 1.2 μm (Laouini et al. 2012). Varoma et al. (2011) 
produced a gas-saturated solution with particle size between 1.4 μm and 24.8 μm, 
and poor incorporation efficiency of EOs (3–14.5%). However, Otake et al. (2001) 
indicate the method as an excellent technique that permits the one-step preparation 
of large unilamellar liposomes with a high trapping efficiency for both water- soluble 
and oil-soluble substances. 

Another technique is the crossflow injection which has been recently used as a 
promising novel scalable approach. The ethanol injection method is one of the pre-
ferred reported techniques used to produce small unilamellar liposomes, simply and 
rapidly. The method involves the injection of an ethanolic solution of lipids into a 
large volume of an aqueous phase, which leads to the rapid formation of vesicles 
without passing through any intermediate process (Gouda et al. 2021). Upon injec-
tion, the unfavorable exposure of lipids to the aqueous medium results in the 
arrangement and precipitation of lipids at the boundary phase between ethanol and 
water in the form of bilayer phospholipid fragments (Lasič 1982, 1995). The main 
parameters influencing the process are injection velocity, stirring rate, injection hole 
diameter, lipid concentration, osmolality/pH/viscosity of the aqueous phase, the 
volume of utilized ethanol and its residual amount, dimensions of the reaction ves-
sel, and type of drug to be loaded (Gouda et al. 2021). 

Other methods to produce liposomes are the extrusion method, high shear 
homogenization, sonication, dual asymmetric centrifugation, supercritical anti- 
solvent, rapid expansion of the supercritical solution, calcium-induced fusion, 
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nanoprecipitation, and emulsion techniques. All methods can be checked in Andra 
et al. (2022)) review and the works of Papahadjopoulos et al. (1990), Holland et al. 
(1996), Cauchetier et al. (1999), Piacentini et al. (2022), and Sun et al. (2022). 

14.3.4.3  Classification 
Liposomes can be classified in terms of composition and mechanism of intercellular 
delivery into five types (Sharma and Sharma 1997; Laouini et al. 2012) such as (1) 
conventional liposomes, (2) pH-sensitive liposomes; (3) cationic liposomes; (4) 
immunoliposomes; and (5) long-circulating liposomes. 

Otherwise, liposomes were typically classified based on their size and number of 
bilayers into (1) small unilamellar vesicles or nanovesicles, 20–100 nm; (2) large 
unilamellar vesicles, >100 nm; (3) giant unilamellar vesicles, >1000 nm; (4) oli-
golamellar vesicle: 100-–00 nm; and (5) multilamellar vesicles, > 500 nm (Laouini 
et al. 2012) 

New developed types of liposomes, designated as double liposomes and mul-
tissecular vesicles were reported (Laouini et al. 2012). 

14.3.4.4  Nanosized Liposomes 
Nanoliposomes (NLs) are a category of liposomes whose structures form vesicles 
composed of one or more lipid bilayers and the size does not exceed 100 nm. NLs 
are stabilized by Brownian motion, which explains the lack of need for surfactants 
to stabilize these preparations. The methods to produce NLs are almost the same 
used to produce liposomes; however, the parameters should be well-established to 
obtain the system at the size required, nanosized (Bondu and Yen 2022). 

In reality, NLs suspensions are not perfectly stable and they are susceptible to 
self-aggregation or fusing into larger vesicles. This so-called coalescence phenom-
enon should be avoided to preserve the encapsulated active substances and the func-
tional size of the vesicles (Bondu and Yen 2022). Factors can be controlled favoring 
the stability of NLs such as temperature, size, and the superficial charge of the 
system. 

Transition temperature (TT) is the temperature at which a lipid bilayer loses its 
organization, becoming initially more fluid and then unstructured (Mozafari et al. 
2008). The control of the temperature occurs at two levels. First, during the prepara-
tion of the NLs, the temperature must be higher than the TT in order to mix with the 
active substances to be encapsulated. Secondly, to maintain the integrity of the 
structure of NLs, the temperature of conservation must be lower than the TT (Bondu 
and Yen 2022). The TT depends on the type of lipids of the bilayer, including the 
polarity of the phospholipid heads, the fatty acid chain lengths, the degree of unsat-
uration, and the ionic strength of the suspension medium (Szoka Jr and 
Papahadjopoulos 1980; Leserman et al. 1994; Maherani et al. 2011). 

Through electrophoretic mobility measures, the surface charge of the lipid drop-
lets can be determined which considerably influences NLs’ stability and their ability 
to repel each other well enough to avoid precipitation during storage. The charge 
density that determines this electrophoretic mobility and the binding affinity of the 
different ions is provided by the zeta potential (Bondu and Yen 2022). The 
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composition of phospholipids is therefore important since they are not all charged 
in the same way. Some phospholipids are neutral such as phosphatidylcholine or 
phosphatidylethanolamine, and others negative such as phosphatidylserine, phos-
phatidylglycerol, phosphatidic acid, or diacetylphosphate. Other molecules besides 
phospholipids can be added such as dioleoyl trimethyl ammonium propane or stea-
rylamine, which are positively charged (Maherani et al. 2011). The combinations in 
different proportions of these phospholipids can, therefore, significantly change the 
value of the NLs’ zeta potential, influenced by the pH of the system. 

Stable NLs have become a subject of growing interest in the field of nanotech-
nology, particularly given their ability to encapsulate bioactive substances, which 
makes them interesting as vectors or carriers. Because of their biocompatibility and 
biodegradability, along with their nano size, nanoliposomes have potential applica-
tions in a vast range of fields, including nanotherapy (e.g., diagnosis, cancer therapy, 
and gene delivery), cosmetics, food technology, and agriculture (Mozafari 
et al. 2008). 

14.3.5  Nanoniosomes 

The difference between liposomes and niosomes is slight. The liposomes were very 
well elucidated until here. Otherwise, niosomes are vesicles composed of non-ionic 
surfactants, amphipathic compounds with an overall neutral charge, in many cases, 
cholesterol, or its derivatives. These non-ionic surfactants are cheap and safe for use 
in biomedicine, for example, as niosomal drug carriers for both hydrophilic and 
hydrophobic drugs, similar to liposomes. They could be coated by various types of 
agents such as polyethylene glycol (Van den Bogaart et al. 2007), hyaluronic acid 
(Lee 2003), antibodies (Allen and Cleland 1980), for specific applications. 

While most niosomes are in the nano or sub-micron (colloidal) size range, not 
many authors used the “nano-niosome” or “nanovesicle” term in their published 
articles. 

Bartelds et  al. (2018) approach a complete characterization of the functional 
properties of niosomes composed of ternary surfactant mixtures compared to lipo-
somes made of saturated or unsaturated phosphatidylcholine and 
phosphatidylethanolamine- based lipids plus cholesterol. Similar to liposomes, nio-
somes composed of saturated amphiphiles compounds are more stable and less 
leaky when tested below the phase TT than vesicles composed of unsaturated com-
ponents. Taken together, niosomes behave in many aspects similar to phospholipid- 
based vesicles but they may not provide the right lipid head-group composition for 
functional membrane transport, that is, the requirement of many transporters for a 
fraction of anionic headgroups (Lee 2003). 

The membrane packing of niosomes is somewhat less dense than that of lipo-
somes. The authors concluded that niosomes exhibited physical chemical properties 
similar to those of liposomes, albeit that permeability for small ions/solutes is 
higher, which makes them potentially attractive as drug carriers or delivery systems 
for all sorts of molecules (Bartelds et al. 2018). 
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Drug incorporation into niosomes has been accomplished and the authors show 
that for retention of cargo, the vesicles should not be frozen and thawed. The same 
factors e.g., size, charge, and stability, should be controlled to use niosomes as 
encapsulated systems or compound delivery (Bartelds et al. 2018). The niosomes 
system can be produced through the same techniques than liposomes. 

14.3.6  Nano-Cubosomes and Others 

Depending on the physicochemical properties of the compounds, different charac-
teristics of the carriers are required. Therefore, there is no perfect delivery system 
that meets the demands of all kinds of compounds. A wide range of carriers is avail-
able, from liquid NE, polymer conjugates, mixed micelles, liposomes, niosomes, 
and cubosomes (Weiss et  al. 2012). The most complex of the liquid crystalline 
phases formed in lipid/aqueous systems is the cubic phase. One general type of 
cubic phase is both lipid- and aqueous-continuous, where the lipids form curved, 
non-intersecting bilayers. The degree of swelling and the curvature of the interfaces 
as well as the type of cubic phase will be important factors in the entrapment of 
compounds (Nylander et al. 1996) 

Recently, nano-structured cubosomes (NCs) have been used as novel drug nano- 
carriers owing to their great potential as a substitute delivery system for liposomes 
(Farag et  al. 2022). NCs, particularly composed of binary systems of water and 
monoolein, are the most investigated systems (Larsson 1983). They can be consid-
ered hydrophilic surfactant systems that can self-assemble in the form of a bicon-
tinuous cubic liquid crystalline phase (Bei et al. 2009). They are characterized by 
their viscous isotropic nature and their large internal surface area (Nylander 
et al. 1996). 

NCs can incorporate lipophilic, hydrophilic, and amphiphilic drugs. Additionally, 
their lipidic contents are biocompatible, bioadhesive, and digestible (Barauskas 
et al. 2005a, b). Also, nano-structured cubosomal systems have been explored for 
diverse pharmaceutical purposes (delivery of enzymes, peptides, analgesics, and 
antibiotics) (Drummond and Fong 1999; Garg et al. 2007; Almoshari et al. 2022; 
Farag et al. 2022). 

In this context, the aqueous phase behavior of unsaturated monoglycerides, such 
as glycerol monooleate and glycerol monolinoleate, has been thoroughly investi-
gated due to their extensive polymorphism and widespread use in industrial prod-
ucts, e.g., food (Clogston et al. 2000). Depending on various molecular and ambient 
conditions, unsaturated monoglycerides can form four liquid crystalline meso-
phases, lamellar, reversed hexagonal, and two reversed bicontinuous cubic phases 
(Lutton 1965; Hyde et al. 1984; Qiu and Caffrey 2000). 

Unsaturated monoglycerides have a unique property to form the cubic phase in 
equilibrium with the excess aqueous solution, expanding the application. Moreover, 
the unsaturated monoglycerides cubic phases have also been suggested for use in 
practical/technical applications such as bioelectrodes (Rowinski et  al. 2004), 
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biosensor construction (Barauskas et al. 2003), and protein (Katona et al. 2003) and 
metal nanoparticle (Norling et al. 1992) crystallization. 

The simplest method of producing cubic phase particles is through the agitation 
of the glycerol monooleate with a magnetic stirrer in the presence of poly(ethylene 
oxide)-based stabilizers, resulting in a coarse dispersion with a particle size in the 
range of 1–100 μm. Further size reduction can be achieved by the use of high-shear 
energy input techniques such as ultrasonication, homogenization, and emulsifica-
tion of the coarse dispersion (Farag et al. 2022). 

Another method for producing cubic phase dispersions is based on mixing the 
glycerol monooleate with ethanol in miscible proportions and diluting the system 
with an aqueous solution containing a stabilizer. If the dilution trajectory falls into 
a cubic phase region, the cubic phase particles are formed spontaneously due to 
molecular diffusion difference at the liquid/liquid interface. However, also with this 
preparation method, a substantial amount of vesicular material was obtained and 
typically the particle size distributions were rather broad (Barauskas et al. 2005a, b). 

Although several methods have been developed for the manufacturing of cubic 
phase dispersion, there is still no established process available for controlling the 
properties and quality of cubic phase particle dispersions. Importantly the particle 
dispersions of the method exhibit excellent colloidal stability during storage and 
dilution. 

According to Barauskas et  al. (2005a), a combination of high-shear energy 
homogenization and heat treatment provides a powerful and scalable way of pro-
ducing glycerol monooleate-based cubic phase nanoparticles. The heat treatment of 
the homogenized dispersions consisting of predominantly vesicular-like particles 
results in their effective and reproducible conversion to cubic phase particles with 
narrow particle size distribution and well-defined inner morphology. The process is 
simple and results in cubosome nanoparticles containing minimal amounts of lamel-
lar aggregates and possessing good colloidal stability. In addition, the amphiphile 
concentration, the amount of charged species, and salt content provide an elegant 
way of further controlling dispersion particle size and nanostructure (Almoshari 
et al. 2022). 

14.4  Nanotechnological Approaches in Essential Oil-Based 
Food Packaging Systems 

The natural appeal of EOs, combined with their bioactive properties and GRAS 
status, greatly interests the food industry. Nowadays, it is no secret that consumers’ 
eating habits are changing, and a growing number of individuals are seeking more 
natural and health diets, as well as showing concerns for the environment. As a 
result, recent trends such as “clean label” products, sustainable packaging, and nan-
otechnology are thriving (Delgado-Pando et al. 2021; Ibrahim et al. 2022; Nile et al. 
2020). The incorporation of EOs into the packaging to manufacture active packag-
ing for the preservation of different food systems is another trend that deserves to be 
highlighted (Marques et  al. 2022a; Sayadi et  al. 2022; Tavares et  al. 2021). An 

T. R. Arruda et al.



333

advantage of active packaging over conventional ones is the inclusion of the preser-
vative agent in the packaging material, which ensures longer shelf life for the pack-
aged products and promotes greater microbiological safety. 

However, we must not ignore that there are several characteristics of the EOs that 
hinders their application as a preservative for foods, as well as potential additives 
for active packaging. They are prone to oxidative damage, possibly will degrade 
when exposed to light, and are extremely volatile and thermolabile. They are also 
hydrophobic compounds, and this feature may result in incompatibility with the 
polymer matrix, especially when working with bio-based polymers since the major-
ity of them have a hydrophilic nature. In addition, their strong odor may compro-
mise the food sensory attributes, such as aroma and flavor, and therefore affect 
negatively consumer acceptance, as reported by Ghabraie et al. (2016) and Marques 
et  al. (2019a). In this sense, nanotechnology may be the key to bypassing these 
obstacles and ensuring the successful application of these compounds into active 
packaging (Arruda et al. 2022; Nile et al. 2020). Several approaches have been stud-
ied over the years, and a few recent examples are summed up in Table 14.1.   

Nano-encapsulation of EOs, or their major compounds, is one of the most stud-
ied strategies to overcome EOs’ drawbacks due to the great versatility regarding 
techniques, materials, and advantages provided, such as thermal protection, higher 
stability, a more sustained release, which ensure a longer bioactive of the com-
pound, and more bioavailability and solubility (Delshadi et  al. 2020; Liao et  al. 
2021; Surendhiran et al. 2022; Tavares et al. 2021). Moreover, the wall materials 
used to compose the nanocapsules varies widely according to the desired encapsula-
tion system: cholesterol and phospholipids to produce nanoliposomes (Fattahian 
et al. 2022; Tavares et al. 2021); several oils, proteins (whey protein, for example) 
and carbohydrates (alginates, for example) for the obtainment of nanoemulsions 
(Almasi et al. 2021; Sun et al. 2021); distinct biopolymers (casein, zein, gelatin, 
chitosan, alginate, among others) to produce nanoparticles and nanofibers (Liao 
et  al. 2021). The necessary equipment will also depend on the desired particles: 
ultrasonicators, homogenizers, spray dryers, and/or freeze dryers are commonly 
used for the manufacturing of liposomes, emulsions, and nanoparticles; while elec-
trospinning and electrospray are required for the elaboration of nanofibers. 

Tavares et al. (2021) used cholesterol and lecithin to produce liposomes for car-
vacrol nanoencapsulation through the lipid film hydration technique. The resulting 
vesicles provided effective thermal protection to the volatile compound and showed 
activity against E. coli and S. aureus. Later, the authors incorporated the vesicles 
into poly(vinyl) alcohol films to produce active packaging. 

Ghoshal and Shivani (2022), in turn, used an ultrasonicator to incorporate thyme 
EO nanoemulsion into edible films composed of tamarind starch and whey protein. 
The films were evaluated on tomatoes and displayed the potential to be used as 
active edible packaging. At last, Zhang et al. (2022a) manufactured a multifunc-
tional cellulose acetate membrane by electrospinning to act as both intelligent and 
active packaging. The authors incorporated a natural pigment (anthocyanin) as the 
freshness indicator and chamomile EO as the bioactive agent. The resulting nanofi-
ber membrane was able to monitor freshness in pork, changing color as a pH 

14 Recent Advances in Nanotechnological Approaches to Enhance the Industrial…



334

Table 14.1 Nanotechnological strategies to allow the use of EOs as preservative agents in active 
packaging aiming food preservation 

Essential oil 
Packaging 
material 

Nanotechnological 
approach Outcomes Reference

Allyl 
isothiocyanate 

Cellulose 
acetate 

Nano-composite with 
carbon nanotubes and 
β-cyclodextrin 

Controlled release of 
antimicrobials in the 
food model 

Dias et al. 
(2018) 

Rosemary and 
ginger 

Chitosan Development of 
montmorillonite 
nanobiocomposites 

Extension of poultry 
shelf life 

Pires et al. 
(2018) 

Pimenta dioica 
and basil 

Cellulose 
sachets 

Complexation with 
β-cyclodextrin 

Greater thermal 
stability; 
In vitro antimicrobial 
activity against 
listeria 
monocytogenes and 
spoilage mold 
Byssochlamys nivea 

Marques 
et al. 
(2019b) 

Peppermint 
and chamomile 

Gelatin Nanofibers 
manufactured by 
electrospinning 

In vitro antimicrobial 
activity against 
Escherichia coli and 
Staphylococcus 
aureus; 
Antioxidant activity; 
UV barrier property; 
Not cytotoxic 

Tang et al. 
(2019) 

Coriander – Cyclodextrin 
nanosponges 

In vitro antimicrobial 
activity against L. 
monocytogenes, 
verotoxigenic E. coli, 
campylobacter 
strains, and other 
pathogenic bacteria 

Silva et al. 
(2019) 

Carvacrol Poly(vinyl) 
alcohol 

Nanoencapsulation of 
carvacrol into 
liposomes 

Greater thermal 
stability 

Tavares et al. 
(2021) 

Lavander Gelatin Nanoemulsion Antimicrobial and 
antioxidant activity 
UV barrier; 
Heat-sealing 
property; 
Extension of cherry 
tomato shelf life 

Sun et al. 
(2021) 

Garlic Chitosan Nano-liposome Extension of chicken 
fillet shelf life 

Kamkar 
et al. (2021) 

Cuminum 
cyminum 

Chitosan Nano-encapsulation 
of the EO into 
liposomes 

Reduce microbial 
counts in meat fillets; 
Delay lipid oxidation 
in samples 

Fattahian 
et al. (2022) 

(continued)
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Table 14.1 (continued)

Essential oil 
Packaging 
material 

Nanotechnological 
approach Outcomes Reference

Green tea 
extract and 
ginger EO 

Starch Development of 
nanocomposites with 
nanofibrillated 
cellulose 

Extension of 
strawberry shelf life 

Rodrigues 
et al. (2021) 

Cumin Gelatin Development of 
nanocomposites with 
TiO2 

Delay lipid oxidation 
in fresh chicken meat 

Sayadi et al. 
(2022) 

Garlic Cellulose 
acetate and 
zein blend 

Complexation with 
β-cyclodextrin 

Greater thermal 
stability 

Marques 
et al. 
(2022b) 

Thyme Tamarind 
starch/whey 
protein 

Nano-emulsion Antimicrobial activity 
against E. coli and S. 
aureus; 
Extension of tomato 
shelf life 

Ghoshal and 
Shivani 
(2022) 

Clove Poly(lactic 
acid) 

Development of 
nanocomposite films 
with alkali-treated 
halloysite nanotubes 

Better water vapor 
barrier, surface 
hydrophobicity, 
mechanical 
properties, and 
thermal stability; 
Delay weight loss of 
fresh-cut apples 

Boro et al. 
(2022) 

Turmeric Chitosan Development of 
magnetic-silica 
nanocomposite 

Sustained release of 
the EO; 
Extension of surimi 
shelf life 

Surendhiran 
et al. (2022) 

Chamomile Cellulose 
acetate 

Fabrication of 
nanofiber membrane 
by electrospinning 

Extension of pork 
shelf life 

Zhang et al. 
(2022a) 

response. Also, the membrane was able to extend the food shelf life by displaying 
both antimicrobial and antioxidant properties. 

In another work, the cinnamon EO was also used in the preparation of new bio-
degradable material based on poly(butylene adipate-co-terephthalate) (PBAT) con-
taining cellulose nanofibers (CNF) for application in food packaging. To prepare the 
films, CNFs were impregnated with cinnamon essential oil in a 2:1 ratio. The modi-
fied CNF (M-CNF) was then mixed with the PBAT solution at different concentra-
tions of 0.5%, 1%, and 3%. The results were promising, as the films showed good 
thermal stability, evidencing a decrease in water vapor permeability values and rel-
evant antimicrobial activity against Salmonella and Listeria monocytogenes. The 
films were tested as packaging for strawberries, the results indicated that in films 
with 0.5% by weight of modified CNF, the fruits had no fungal attack, less mass loss 
in 15  days of storage and greater preservation of freshness (De Matos Costa 
et al. 2020). 
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Roy and Rhim (2021) obtained a carrageenan/agar-based film containing 
Pickering tea tree oil emulsion (PET) and zinc sulfide nanoparticles (ZnSNP). PET 
was obtained with tea tree essential oil stabilized with nanocellulose fibers. PET and 
ZnSNPs were uniformly dispersed in the binary polymeric matrix and formed com-
patible films. There was an improvement in thermal stability, water vapor barrier, 
water resistance, and the composite membrane based on carrageenan/agar showed 
antibacterial and antioxidant activity. Thus, the developed film could be useful to be 
applied in active packaging for food. 

The complexation of EOs with CDs is also an interesting nanotechnological 
strategy to enhance the EO stability and enable their application in packaging. The 
obtained EO/cyclodextrin inclusion complex usually is available in solid form, 
making it easier to handle and allowing its use in different ways. For example, it 
could be contained in sachets, as a powder (Marques et al. 2019a, 2019b) or dis-
persed in a polymer matrix (Dias et al. 2018; Marques et al. 2022b). The EOs could 
also be loaded in cyclodextrin-based nanosponges, a highly cross-linked polymeric 
network (Simionato et al. 2019; Silva et al. 2019), or nanofibers films prepared by 
electrospinning (Qin et al. 2022; Shi et al. 2022). 

Regardless of the strategy chosen, EO/cyclodextrin inclusion complexes are 
known to enhance EO stability, mainly concerning thermal stability. Since the meth-
ods used to produce packaging usually involve high temperatures, it is of utmost 
importance to ensure thermal protection for the extremely thermolabile EO com-
pounds, which can be successfully achieved by complexation with cyclodextrins 
(Arruda et al. 2021, 2022). 

However, the properties of both CDs and the main polymer must be carefully 
studied before choosing the working materials. There are several cyclodextrins 
available on the market, usually classified into two groups: native cyclodextrins (α-, 
β-, and γ-cyclodextrins) and derivative cyclodextrins (e.g., hydroxyl-propyl-β- 
cyclodextrin) (Arruda et al. 2021). Each CD has particular features, such as higher 
or lower solubility in water and/or different organic solvents. β-cyclodextrin, for 
example, is not soluble in acetone, the main solvent used for cellulose acetate films 
manufactured by the casting technique. This characteristic may have been the main 
issue faced by Marques et al. (2021) during the elaboration of cellulose acetate films 
incorporated with β-cyclodextrin and allyl isothiocyanate, the major component of 
mustard essential oil. The authors verified that the films incorporated with 
β-cyclodextrin were more heterogeneous, brittle, and fragile than films without the 
compound. A similar result was verified by Dias et al. (2018), who described the 
films produced with cellulose acetate and β-cyclodextrin as less homogeneous, 
porous, and cracked when compared to the other elaborated films. 

The choice of the technique could be a strategy to overcome drawbacks like that. 
In this sense, electrospinning has been successfully used to manufacture cyclodex-
trin nanofibers with different polymers, cellulose acetate among them. For example, 
Nthunya et  al. (2017) synthesized β-cyclodextrin/cellulose acetate nanofibers via 
electrospinning to produce an active material aiming for bacteria removal from 
water. Although the antimicrobial agent of choice is not an EO, but silver/iron 
nanoparticles, the technique allowed the manufacture of nanocomposite fibers with 
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strong antibacterial activity. Ghorani et  al. (2019) also used the electrospinning 
technique to fabricate β-cyclodextrin/cellulose acetate nanofibrous webs aiming 
adsorption of undesirable volatile molecules. The authors used binary solvent sys-
tems composed of acetone and N,N-dimethylacetamide or acetone and dimethylfor-
mamide to synthesize uniform webs with adsorbent properties. 

In fact, the electrospinning technique can be employed to produce EO/ 
cyclodextrin- loaded nanofibers with several polymers. Figueroa-Lopez et al. (2020) 
used the technology to incorporate oregano EO/γ- or α-cyclodextrin inclusion com-
plex into poly(3-hydroxybutyrate-co-3-hydroxyvalerate) fibers to act as active 
packaging. The films elaborated with 25% (w/w) of γ-CD inclusion complex dis-
played a homogeneous and continuous surface, and transparency, ensuring thermal 
protection for the EO, as well as antimicrobial and antioxidant activity when evalu-
ated in vitro. Along the same line, Shi et al. (2022) developed electrospun nanofi-
bers with polylactic acid (PLA) and polycaprolactone (PCL) incorporated with 
oregano EO loaded in β-cyclodextrin. The material acted as an active packaging 
when tested on blackberry, extending the shelf life of the fruit and maintaining its 
postharvest quality. 

At last, the development of nanocomposites or nanobiocomposites formed by a 
blend of EO-polymer-nanostructure is also worth mentioning. Nanocomposites are 
materials that have at least one component at nano dimensions and are widely stud-
ied as potential active packaging. They could involve the incorporation of pure or 
encapsulated EOs in the polymer matrix aiming an antimicrobial and/or antioxidant 
activity, and a nanostructure as a filler to enhance certain features of the packaging. 
Carbon nanotubes, nanocrystalline cellulose and inorganic materials (such as nano-
clay) are examples of nanoparticles studied as nanocomposites components to 
improve mechanical, optical, thermal, and/or barrier properties of the developed 
packaging, or even contribute to the active property, stability, or the controlled 
release of the EOs (Pola et al. 2016; Pires et al. 2018; Marques et al. 2021; Boro 
et al. 2022; Mahmud et al. 2022). 

A potential concern that could guide future research in the active packaging field 
is the possibility of the acquisition of resistance by the bacteria in contact with the 
antimicrobial films. As discussed by Marques et al. (2022a), several studies showed 
that subinhibitory concentrations of EOs could lead to more resistant bacterial 
strains, which could, in turn, become a serious public health issue. In this sense, it 
is also necessary to evaluate the risk of the developed active packaging to induce 
microbial resistance acquisition. 

14.5  Safety Issues and Toxicological Aspects 

In general, EOs are considered safer than synthetic preservatives because they are 
naturally derived from plants; however, being aware of the complexity of the com-
ponents of these aromatic substances and the conclusions of toxicological assess-
ments, comprehensive safety concerns and regulatory issues must be considered 
before applying to food/packaging systems, especially when it comes through 
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nanotechnology (Prakash et al. 2018b). Unfortunately, until the moment, there is 
still a lack of regulation of EOs and nanotechnological-based EOs in food matrices 
and packaging. 

In a broad aspect, Regulation 450/2009/EC established the regulatory aspects 
surrounding the application of active packaging for food contact in Europe, claim-
ing other guidelines such as that nanotechnology could not be used without further 
evaluation, even when direct contact with packaged food is not considered because 
of a functional barrier (European Commission 2009; Arruda et al. 2022). Also, the 
released substance must be listed on the European country’s Positive List of 
Additives, and its use must characterize a technological need (Regulation 1333/2008/ 
EC, European Parliament and the Concil of the European Union 2008). 

The use of EOs can have negative health consequences (i.e., especially consider-
ing oils containing phenol and aldehyde groups), including the irritation of some 
tissues such as mucous membranes, eyes, and skin (Sharma et al. 2022). The Federal 
Food Drugs and Cosmetics Act (FFDCA) describes that a different safety standard 
has to be considered for naturally occurring substances in foods, other than that 
applied to intentionally added food ingredients. However, as EOs are mostly 
employed as flavoring agents, and many of which are purposefully added to foods 
as separate chemicals, a current standard cannot be easily applied to the safety eval-
uation of these complex substances; they are neither a direct food additive nor food 
themselves, falling somewhere in the middle (Reis et al. 2022). 

EU No. 10/2011 establish guidelines concerning plastic materials and articles 
intended to come into contact with food, specifying that nanosized particles must be 
assessed case by case before their incorporation into active food packaging materi-
als (European Union 2011). 

The interaction of nanosized EOs substances with the food system raises a con-
cern about human and animal health. In other words, these components on the sur-
face of the packaging material are not detrimental to human health, but their 
translocation and integration into food may be. Their toxicity is stimulated by 
dynamic, kinetic, and catalytic properties and functionalization, net particle reactiv-
ity, agglomeration, and functional environment (Mahmud et al. 2022). Toxicologic 
issues caused by the nanotechnological EOs are mainly because of their persistent, 
non-dissolvable, and nondegradable behavior (Nile et al. 2020). 

During in vitro and (the few conducted) in vivo studies, the main toxicity mecha-
nisms that have been investigated by observing changes in diverse biomarkers are, 
for example, levels of glutathione (GSH), inflammation response, DNA damage, 
cell death, and ROS generation, with special attention to the last one, being one of 
the most significant factors (Nile et al. 2020; Mahmud et al. 2022). However, despite 
the advances already evidenced, so far, there is no standard protocol for the toxicity 
testing of nanomaterials that assesses their excretion mechanisms after digestion 
(Guidotti-Takeuchi et al. 2022). 

It is important to state that, although these systems have the potential to be imple-
mented in the recent future by the food industry, some nanostructures, such as car-
bon nanotubes, raise concerns due to safety hazards and toxic effects caused by their 
possible migration/release from the packaging to the food. The impact on the 
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environment due to the disposal of the nanocomposite packaging is also a concern 
(Kotsilkov et al. 2018; Emamhadi et al. 2020). The lack of information regarding 
exposure, availability, and toxicity to humans can be an important drawback to the 
industrial application of nano-EOs in food packaging. Thus, continuous research 
and developments along with comprehensive government regulations are required, 
especially on the migration/toxicity of these nanosubstances from the nanocompos-
ite to packaged food and their potential impacts on human health and to the 
environment. 
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