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INTRODUCTION

Essential oils are very complex mixtures of 
volatile substances obtained from plant materi-
al. The composition of these plants depends on 
many factors, such as plant species, plant parts 
used for extraction, soil composition, harvest 
time, vegetative cycle phase, and extraction 
methods (Vigan 2010).

The primary function of essential oils is to 
provide scent and flavour to plants. They also 
play an important communicative role, attract-
ing pollinators and repelling pests. Sometimes, 
they also act as signals for other plants of the 
same species (Gershenzon et al., 2007).

Aromatic plants and extracts prepared 
from them are known for their antiseptic, bac-
tericidal, fungicidal, antiviral and medicinal 
properties (Swamy et al.,2016; Bassolé et al., 
2012) for centuries, including for embalming, 

religious ceremonies, food preservation, in-
secticides and parasiticides in agriculture, and 
antimicrobial, antispasmodic, sedative, topical 
anaesthetic and anticancer agents (Kowalczyk 
et al., 2023; Mostafa et al., 2023). These prop-
erties are still relevant, and in recent years, 
some mechanisms of action of essential oils 
have been elucidated in more detail, especially 
at the antimicrobial level (Basile et al., 2000; 
Sienkiewicz et al., 2013).

In response to the growing interest in “nat-
ural” healing methods and the return to folk 
medicine, essential oils appear to be a promis-
ing source of a universal remedy for patients’ 
basic ailments. Moreover, these findings could 
lead to the search for new antimicrobial, anti-
viral and anticancer drugs.

Table 1 presents the main compounds found 
in the essential oils. Table 2 presents example 
plant parts where essential oils mainly occur.
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METHODS OF OBTAINING 
AND COMPOSITION

There are several methods for obtaining es-
sential oils from plant materials. The most popu-
lar methods are steam distillation, solvent extrac-
tion, supercritical CO2 extraction, and cold press-
ing (Aziz et al., 2018). Steam distillation involves 
heating the plant material with water, which 
causes the volatile aromatic compounds to evapo-
rate. The vapours then pass through a condenser, 
where condensation occurs – the oil collects in 
the liquid, while the water returns to the distilla-
tion kettle. This approach is the most commonly 
used method (Tongnuanchan et al., 2014), but its 
disadvantage is the risk of thermal decomposition 
of some oil components (Raut et al., 2014).

Solvent extraction involves passing an organic 
solvent through the plant material to dissolve the 
oil. The solvent is then evaporated, leaving the es-
sential oil behind (Castro et al., 1999). This meth-
od does not require heating but involves the use of 
additional chemicals. Supercritical CO2 extraction 
uses carbon dioxide in a supercritical state as a se-
lective solvent (Wrona et al., 2017). This allows 
gentle extraction of the oil without high tempera-
tures or other solvents. It is an expensive but very 
effective technique (Elsayed et al., 2023).

Cold pressing involves the mechanical ex-
pression of oil from plant material (Kitajima et 

al., 2004). It is used, for example, with citrus fruit 
peels. It is simple but low yielding. The choice 
of extraction method affects the composition and 
properties of the obtained essential oil. Table 3 
presents the main methods of extracting essential 
oils. Essential oils are mixtures of tens or even 
hundreds of different chemical compounds (Bak-
kali et al., 2008). The main groups of substances 
are as follows:
	• Terpenes and terpenoids (e.g., limonene, 

menthol);
	• Aromatic compounds (e.g., cinnamaldehyde),
	• Phenols (e.g., thymol, eugenol),
	• Aliphatic alcohols (e.g., linalool, geraniol),
	• Aliphatic ketones (e.g., camphor),
	• Esters of aliphatic acids (acetates, propionates).

Often, 2–3 major components make up 20–
70% of the oil, while the rest are present in trace 
amounts (Dhifi et al., 2016). The exact chemical 
profile of a given oil is determined by chromato-
graphic techniques (Shellie et al., 2000). The 
diversity of essential oil compositions translates 
into a wide range of biological properties and ap-
plications (Edris et al., 2007).

POTENTIAL APPLICATIONS

Essential oils have been widely applied in 
folk medicine due to their various properties, 
such as anti-inflammatory, immunomodulatory, 
antibacterial, expectorant and sedative effects 
(Gironi et al., 2008). These diseases are char-
acterized by several features that predispose pa-
tients to pharmaceutical and medical uses. These 

Table 1. The main compounds found in plant essential 
oils (Tongnuanchan et al., 2014)

Essential oil Major compounds

Lavender Linalool, linalyl acetate

Peppermint Menthol, menthone

Eucalyptus 1,8-Cineole, limonene

Rosemary 1,8-Cineole, α-pinene

Tea tree Terpinen-4-ol, γ-terpinene

Lemongrass Geranial, neral

Ylang ylang Linalool, geranyl acetate

Sandalwood Santalol

Bergamot Limonene, linalool

Chamomile Bisabolol, matricin

Cedarwood Cedrol, widdrol

Clove Eugenol

Frankincense α-Pinene, limonene

Ginger Gingerol, zingiberene

Patchouli Patchoulol

Vetiver Vetivone, khusimol

Table 2. Plant parts containing essential oils 
(Tongnuanchan et al., 2014)

Part of plant Example plants

Seeds Anise, caraway, celery, coriander, cumin, 
dill, fennel

Woods Camphor, cedarwood, rosewood, 
sandalwood

Barks Cinnamon, sassafras

Berries Juniper, pepper

Resins Frankincense, myrrh

Flowers Chamomile, lavender, rose

Peels Lemon, lime, orange

Roots Angelica, ginger, valerian

Herbs Basil, oregano, thyme

Rhizomes Ginger, turmeric

Leaves Eucalyptus, patchouli, peppermint
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include lipophilicity, which facilitates the pen-
etration of biological membranes; low molecular 
weight; rapid onset of action; easy distribution to 
tissues and organs, including the lungs; low first-
pass metabolism; relatively easy synthesis; low 
toxicity at therapeutic concentrations; and high 
volatility (Tiruppur Venkatachallam et al., 2010).

Antiviral activity

Many essential oils, including eucalyptus, 
clove, lemon, oregano, and thyme oils, have been 
shown to have inhibitory effects on various virus-
es, including influenza, herpes, and polioviruses. 
This mechanism is a promising target for develop-
ing new antiviral drugs, especially for the treat-
ment of infections caused by enveloped viruses 
such as SARS-CoV-2, influenza, and herpes virus-
es (Elsebai et al., 2022; Sharifi-Rad et al., 2017).

For example, electron microscopy has shown 
that essential oils can cause visible damage to the 
envelope of herpes simplex virus (HSV) (Ma et 
al., 2020). Furthermore, some components of oils, 
such as shikimic acid from star anise, have been 
used to develop effective antiviral drugs, such as 
oseltamivir (Astani et al., 2011). In vitro studies 
have shown that essential oils are effective at con-
centrations that do not damage human cells and 
can inhibit viral replication even better than some 
conventional antiviral drugs (Bayala et al., 2014).

The strongest antiviral effects were observed 
for oils rich in phenols, alcohols, and aldehydes, 
especially thyme, oregano, and clove oils. These 

agents are promising alternatives to conventional 
agents (Schnitzler et al., 2007). The underlying 
mechanisms include direct viral inactivation, in-
hibition of adsorption and penetration into cells, 
disruption of nucleic acid replication and viral 
protein synthesis (Nazzaro et al., 2013). Although 
in vitro studies are promising, further clinical re-
search in humans is needed to confirm the effi-
cacy and safety of essential oils for treating viral 
infections. Current evidence is insufficient to rec-
ommend oils as standard therapy.

Antibacterial activity

Numerous in vitro studies indicate that essen-
tial oils exhibit potent bactericidal and bacteriostatic 
properties against various bacterial strains, including 
staphylococci, bacilli, streptococci, and mycobacte-
ria (Guilhelmelli et al., 2013). The mechanisms of 
antibacterial action include damaging the cell mem-
brane of microorganisms; disrupting enzymatic 
functions, ion transport, and ATP synthesis; and 
lowering the pH of the environment (Burt, 2004).

Essential oils containing high levels of phe-
nolic compounds, such as carvacrol, eugenol, 
and thymol, demonstrate the strongest bacteri-
cidal effects (Oussalah et al., 2006). These sub-
stances damage the bacterial cell membrane, 
causing leakage of ions and cytoplasmic con-
tents, ultimately resulting in cell death (Lambert 
et al., 2001). Carvacrol, present in oregano and 
thyme oils, is particularly active against bacteria. 
It has been shown to act on a broad spectrum of 

Table 3. Essential oil extraction methods
Extraction method Plants Ref.

Hydrodistillation
Rose-scented geranium, germander, rosemary, lemon, oregano, marjoram, 
catnip, lavender, hyssop, anise hyssop, sage, cumin, clove, caraway, 
thyme, basil, garden mint

Vigan 2010; 
Gershenzon et al., 2007

Hydrodiffusion Orange, rosemary leaves Swamy et al.,2016; 
Bassolé et al., 2012

Steam distillation Rose-scented geranium, thyme, germander, rosemary, fennel, anise, 
eucalyptus, basil, lavender, patchouli, clove, orange

Basile et al., 2000; 
Sienkiewicz et al., 2013

Subcritical water Fructus amomi, marjoram, olive, coriander seeds
Aziz et al., 2018; 

Tongnuanchan et al., 
2014

Supercritical CO2

Rosemary, fennel, anise, cumin seed, sage, lemon, carrot fruit, marjoram, 
catnip, oregano, lavender, thyme, hyssop, anise hyssop, patchouli, cumin, 
clove, coriander, chamomile, baccharises

Elsayed et al., 2023; 
Kitajima et al., 2004 

Solvent-free 
microwave

Oregano, fragrant fern, rosemary, caraway, 5 flavour berry, cumin, 
cardamom, basil, garden mint, thyme, sea buckthorn, spearmint, 
pennyroyal

Bayramoglu et al., 2008; 
Li Y et al., 2013

Solvent extraction Solvent sage, apiaceae, chasteberry, lemon Borotová et al., 2021; 
Pereira et al., 2010

Solvent + Steam Cumin, tobacco Zhao et al., 2020; 
Ibrahim et al., 2022
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bacteria, including intestinal bacilli, staphylococ-
ci, Listeria, Salmonella, Campylobacter, lactic 
acid bacteria and Helicobacter pylori (Gutierrez 
et al., 2009; Langeveld et al., 2014).

Additionally, the efficacy of oils depends on 
the concentration and exposure time to microor-
ganisms. The greater the concentration and length 
of contact are, the stronger the bactericidal effect 
(Yap et al., 2010). Therefore, essential oils are 
promising alternatives to antibiotics, especially for 
treating infections caused by drug-resistant strains. 
However, further clinical studies are needed to con-
firm the safety and efficacy of using essential oils 
to treat bacterial infections in humans, as the cur-
rent evidence stems mainly from in vitro studies.

Antioxidant activity

Numerous studies indicate that essential oils 
are a valuable source of natural antioxidants ca-
pable of neutralizing reactive oxygen species and 
chelating transition metals (Kaur et al., 2024). The 
antioxidant activity of essential oils is primarily as-
sociated with the presence of phenolic compounds, 
flavonoids, and terpenoids (Yang et al., 2011).

Oils rich in phenols, such as cinnamon, nut-
meg, basil, oregano, and thyme oils, exhibit par-
ticularly high antioxidant activity in vitro (Wang 
et al., 2017). By eliminating reactive oxygen spe-
cies and chelating transition metal ions, these oils 
can counteract oxidative stress in cells and protect 
important biomolecules, such as DNA, lipids, and 
proteins, from oxidative damage. Thus, essential 
oils have preventive potential in the context of 
cancer, cardiovascular disease, and age-related 
cognitive impairment (Devi et al., 2023).

The proposed molecular mechanisms of the 
antioxidant action of essential oils include direct 
neutralization of free radicals, reduction of perox-
ides, chelation of transition metal ions, and modu-
lation of the activity of endogenous antioxidant 
enzymes such as superoxide dismutase and gluta-
thione peroxidase (Rungqu et al., 2023). However, 
further research is needed to assess the bioavail-
ability of compounds found in essential oils after 
oral administration and to confirm the beneficial 
effects of oils in in vivo models to fully elucidate 
their therapeutic potential as natural antioxidants.

Anti-inflammatory activity

Numerous essential oils, such as oils derived 
from rosemary, cloves, ginger, and black pepper, 

have shown promising anti-inflammatory effects 
in in vitro studies (Riella et al., 2012). The anti-
inflammatory activity of essential oils is mainly 
attributed to the presence of phenolic compounds, 
which can modulate key signalling pathways re-
sponsible for the synthesis and release of inflam-
matory mediators (Tousif et al., 2023).

The proposed molecular mechanisms of 
anti-inflammatory action include the inhibition 
of enzymes such as cyclooxygenase-2 (COX-2) 
and 5-lipoxygenase (5-LOX), which play impor-
tant roles in the metabolism of arachidonic acid 
to proinflammatory eicosanoids, prostaglandins 
and leukotrienes (Yoon et al., 2010). Addition-
ally, essential oils have been shown to decrease 
the expression and release of key proinflamma-
tory cytokines, such as TNF-α, IL-1β, and IL-6, 
through interactions with intracellular pathways 
(Ling et al., 2014).

Inhibitors of COX and LOX enzymes are 
commonly used anti-inflammatory drugs from 
the nonsteroidal anti-inflammatory drug (NSAID) 
group. Therefore, through similar mechanisms of 
action, essential oils may provide safer alterna-
tives to conventional NSAIDs for the treatment of 
inflammatory conditions, especially chronic con-
ditions. Moreover, essential oils have been shown 
to alleviate inflammatory reactions in the skin and 
mucous membranes by modulating the immune 
system (Regnault-Roger et al., 2012). However, 
further clinical studies are necessary to confirm 
the efficacy and safety of using essential oils as 
anti-inflammatory medications in humans.

Insect repellents and insecticides

Many essential oils exhibit insect repellent 
and toxic properties, providing natural plant pro-
tection and an alternative to synthetic pesticides 
(Kumar et al., 2020). Tea tree, lavender, citrus, 
clove, geranium and mint oils demonstrate the 
strongest insecticidal and repellent abilities (Gup-
ta et al., 2023). Oils have proven effective against 
stored-product pests, aphids, fruit flies, and ticks 
(Senthil-Nathan et al., 2020). They are also used 
as repellents against mosquitoes and ticks in hu-
mans. The underlying mechanisms involve dis-
rupting enzymatic functions and neurotransmis-
sion, damaging the cuticle and inducing oxidative 
stress in insects (Isman 2006).

The advantages of oils include selective 
activity, a short degradation period, and a 
lower risk of resistance than synthetic agents 
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(Posadzki et al., 2013). However, further re-
search is needed to determine the optimal dos-
es and oil combinations for specific pest spe-
cies. Overall, essential oils represent a prom-
ising alternative to conventional pesticides. 
Essential oils are obtained from various plant 
organs, most often from flowers, fruits, leaves, 
stems, bark and branches. These plants belong 
to many botanical families, including Astera-
ceae, Lamiaceae, Rutaceae, Lamiaceae, Myrta-
ceae and Apiaceae. The essential oils listed in 
the European Pharmacopoeia as medicinal raw 
materials are compiled in Table 4. The table 
shows the names of the essential oils, the Latin 

names of the plants from which they were ob-
tained, and the plant parts used for extraction.

TOXICITY AND SAFETY OF USE

Although essential oils are commonly con-
sidered safer than synthetic chemicals, caution 
should be exercised when using them because 
they can cause adverse effects (Lanzerstorfer et 
al., 2020). Some oils, such as cedarwood, pine 
and juniper, can be toxic at high doses or when 
ingested and can cause acute kidney or liver fail-
ure (Lysdal et al., 2009).

Table 4. Essential oils extracted from a variety of plants listed in European Pharmacopoeias (https://pheur.edqm.
eu/home)

Essential oil name Botanical name Plant part used

Bitter-fennel fruit oil Foeniculum vulgare Mill., spp. vulgare var. 
vulgare ripe fruit

Bitter-fennel herb oil Foeniculum vulgare Mill., spp. vulgare var. 
vulgare aerial parts

Caraway oil Carum carvi L. dry fruit

Cassia oil Cinnamomum aromaticum Nees leave and young branches

Cinnamon bark oil, Ceylon Cinnamomum zeylanicum Nees bark of the shoot

Cinnamon leaf oil, Ceylon Cinnamomum zeylanicum Nees leaves

Citronella oil Cymbopogon winterianus Jowitt ex Bor fresh or partially dried aerial parts

Clary sage oil Salvia sclarea L. fresh or dried flowering stem

Clove oil Syzygium aromaticum L. dried flower buds

Coriander oil Coriandrum sativum L. fruits

Dwarf pine oil Pinus mugo Turra fresh leaves and twigs

Eucalyptus oil genus Eucalyptus fresh leaves or fresh terminal branches

Juniper oil Juniperus communis L. ripe, nonfermented berry cones

Lavender oil Lavandula angustifolia Mill. flowering tops

Lemon oil Citrus limon L. fresh peel

Mandarin oil Citrus reticulata Blanco fresh peel

Matricaria oil Matricaria recutita L. fresh or dried flower-heads or flowering tops

Mint oil Mentha canadensis L. fresh, flowering aerial parts

Neroli oil Citrus aurantium L. fresh flowers

Nutmeg oil Myristica fragrans Houtt. dried and crushed kernels

Peppermint oil Mentha piperita L. fresh aerial parts of the flowering plant

Pine sylvestris oil Pinus sylvestris L. fresh leaves and branches

Rose oil Rosa gallica L., Rosa damascene Miller, 
Rosa alba L., Rosa centifolia L. fresh flowers

Rosemary oil Rosmarinus officinalis L. flowering aerial parts

Spanish sage oil Salvia lavandulifolia Vahl flowering aerial parts

Spike lavender oil Lavandula latifolia Medik flowering tops

Star anise oil Illicium verum Hook dry ripe fruits

Sweet orange oil Citrus sinensis (L.) Osbeck fresh peel

Tea tree oil genus Melaleuca foliage and terminal branches

Thyme oil Thymus vulgaris L. or Thymus zygis L. fresh flowering aerial parts

Turpentine oil, Pinus pinaster type Pinus pinaster Aiton oleoresin obtained by tapping
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The most common side effects of essential 
oils include skin and mucous membrane irrita-
tion; allergic reactions manifesting as rashes, 
swelling, and difficulty breathing; and respiratory 
issues associated with excessive inhalation of oils 
in aerosol form (Posadzki et al., 2012). Ingestion 
can lead to nausea, vomiting, diarrhea and diges-
tive system disturbances. Some oils, especially 
those rich in phenols such as rosemary and sage, 
exhibit pro-oxidant activity, resulting in DNA 
damage and lipid peroxidation.

The safe and responsible use of essential oils 
requires strict adherence to guidelines on maxi-
mum doses and routes of administration. Oral 
intake without prior consultation with a doctor 
or dietician is not recommended. Pregnant and 
breastfeeding women should exercise extra cau-
tion (Dosoky et al., 2021).

However, further toxicological research is 
needed on the interactions of OOs with medica-
tions and their effects on individual organs. How-
ever, with proper precautions and dose adjust-
ments, essential oils can provide a valuable alter-
native to synthetic chemical preparations.

CONCLUSIONS

Essential oils are complex mixtures of volatile 
compounds derived from plants that serve aro-
matic, communicative, and defensive functions. 
This paper provides an overview of the essential 
oil properties, extraction methods, composition, 
and medical applications of this plant. Essential 
oils exhibit broad biological activities, including 
antimicrobial, antiviral, anti-inflammatory, insec-
ticidal, antioxidant, and smooth muscle relaxant 
effects, which are attributed to their diverse chemi-
cal constituents, such as terpenes, phenols and al-
cohols. Their lipophilicity facilitates penetration 
into cells and therapeutic action. Essential oils 
have potential uses as natural remedies for treat-
ing infections and inflammation, oxidative stress, 
and even cancer. However, human trials are still 
needed to fully confirm the efficacy and safety of 
these treatments. Ensuring appropriate quality con-
trol and standardization of preparations is crucial. 
With proper precautions, essential oils may pro-
vide valuable alternatives to synthetic chemicals, 
especially for the treatment of drug-resistant mi-
crobes. Further research should focus on evaluat-
ing the mechanisms of action, pharmacokinetics, 
and toxicity of these compounds in vivo.

Acknowledgements

The authors would like to express their ap-
preciation to Professor Stanisław Baran for his 
input, support and guidance during this research. 
Prof. Baran kindly provided expert advice and in-
valuable contributions to the study design, meth-
odology, and data analysis and interpretation. We 
highly value Prof. Baran’s mentorship and role in 
this collaboration.

REFERENCES

1.	 Astani A., Reichling J., Schnitzler P. 2011. Screen-
ing for antiviral activities of isolated compounds 
from essential oils. Evidence-Based Complemen-
tary and Alternative Medicine, 2011, 253643.

2.	 Aziz Z.A., Ahmad A., Setapar S.H.M., Karakucuk 
A., Azim M.M., Lokhat D., Rafatullah M., Ganash 
M., Kamal Z.M., Ashraf G.M. 2018. Essential oils: 
Extraction techniques, pharmaceutical and thera-
peutic potential – A review. Current Drug Metabo-
lism, 19(13), 1100–1110.

3.	 Bakkali F., Averbeck S., Averbeck D., Idaomar M. 
2008. Biological effects of essential oils—A review. 
Food and Chemical Toxicology, 46, 446–475.

4.	 Basile A., Sorbo S., Giordano S., Ricciardi L., 
Ferrara S., Montesano D., Castaldo Cobianchi R., 
Vuotto M.L., Ferrara L. 2000. Antibacterial and al-
lelopathic activity of extract from Castanea sativa 
leaves. Fitoterapia, 71, S110–S116.

5.	 Bassolé I.H., Juliani H.R. 2012. Essential oils in 
combination and their antimicrobial properties. 
Molecules, 17, 3989–4006.

6.	 Bayala B., Bassole I.H., Gnoula C., Nebie R., Yonli 
A., Morel L., Figueredo G., Nikiema J.B., Simpore 
J. 2014. Chemical composition, antioxidant, anti-
inflammatory and anti-proliferative activities of es-
sential oils of plants from burkina faso. PLoS ONE, 
9, e92122.

7.	 Bayramoglu B., Sahin S., Sumnu G. 2008. Solvent-
free microwave extraction of essential oil from oreg-
ano. Journal of Food Engineering, 88(4), 535–540.

8.	 Borotová P., Galovičová L., Valková V., Ďúranová 
H., Vuković N., Vukić M., Babošová M., Kačániová 
M. 2021. Biological activity of essential oil from 
Foeniculum vulgare. Acta Horticulturae et Regio-
tecturae, 24(2), 148–152.

9.	 Burt S. 2004. Essential oils: Their antibacterial 
properties and potential applications in foods—A 
review. International Journal of Food Microbiology, 
94, 223–253.

10.	Castro M., Jiménez-Carmona M., Fernández-Pérez 
V. 1999. Towards more rational techniques for the 



339

Journal of Ecological Engineering 2024, 25(2), 333–340

isolation of valuable essential oils from plants. 
Trends in Analytical Chemistry, 18, 708–716.

11.	Devi S., Chauhan S., Mannan A., Singh T.G. 2023. 
Targeting cardiovascular risk factors with eugenol: 
An anti-inflammatory perspective. Inflammophar-
macology, December 12.

12.	Dhifi W., Bellili S., Jazi S., Bahloul N., Mnif W. 
2016. Essential Oils’ Chemical Characterization and 
Investigation of Some Biological Activities: A Criti-
cal Review. Medicines, 3, 25.

13.	Dosoky N.S., Setzer W.N. 2021. Maternal reproduc-
tive toxicity of some essential oils and their constitu-
ents. International Journal of Molecular Sciences, 
22(5), 2380.

14.	Edris A.E. 2007. Pharmaceutical and therapeutic po-
tentials of essential oils and their individual volatile 
constituents: A review. Phytotherapy Research, 21, 
308–323.

15.	Elsayed H.E., El-Deeb E.M., Taha H., Taha H.S., 
Elgindi M.R., Moharram F.A. 2023. Essential oils 
of Psidium cattleianum Sabine leaves and flowers: 
Anti-inflammatory and cytotoxic activities. Fron-
tiers in Chemistry, 11, 1120432.

16.	Elsebai M.F., Albalawi M. 2022. Essential oils and 
COVID-19. Molecules, 27, 7893.

17.	Gershenzon J., Dudareva N. 2007. The function of 
terpene natural products in the natural world. Nature 
Chemical Biology, 3, 408–414.

18.	Gironi F., Maschietti M. 2008. Supercritical CO2 
extraction of essential oil from lemon balm (Me-
lissa officinalis L.). Journal of Separation Science, 
31(15), 2666–2671.

19.	Guilhelmelli F., Vilela N., Albuquerque P., Deren-
gowski L.D.S., Silva-Pereira I., Kyaw C.M. 2013. 
Antibiotic development challenges: The various 
mechanisms of action of antimicrobial peptides and 
of bacterial resistance. Frontiers in Microbiology, 
4, 353.

20.	Gupta I., Singh R., Muthusamy S., Sharma M., Gre-
wal K., Singh H.P., Batish D.R. 2023. Plant essential 
oils as biopesticides: Applications, mechanisms, in-
novations, and constraints. Plants, 12, 2916.

21.	Gutierrez J., Barry-Ryan C., Bourke P. 2009. Anti-
microbial activity of plant essential oils using food 
model media: Efficacy, synergistic potential and 
interactions with food components. Food Microbi-
ology, 26, 142–150.

22.	Ibrahim M., Ankwai G., Gungshik J., Taave P. 2022. 
Comparative extraction of essential oils of Mentha 
piperita (mint) by steam distillation and enfleurage. 
Nigerian Journal of Chemical Research. https://doi.
org/10.4314/njcr.v26i2.2

23.	Isman M.B. 2006. Botanical insecticides, deter-
rents, and repellents in modern agriculture and an 
increasingly regulated world. Annual Review of 

Entomology, 51, 45–66.
24.	Kaur R., Gupta T.B., Bronlund J., Singh J., Kaur L. 

2024. Synthesis and characterization of Mānuka and 
rosemary oil-based nanoentities and their applica-
tion in meat. Food Chemistry, 436, 137600.

25.	Kitajima J., Ishikawa T., Urabe A., Satoh M. 2004. 
Monoterpenoids and their glycosides from the leaf 
of thyme. Phytochemistry, 65(24), 3279–3287.

26.	Kowalczyk T., Merecz-Sadowska A., Ghorbanpour 
M., Szemraj J., Piekarski J., Bijak M., Śliwiński T., 
Zajdel R., Sitarek P. 2023. Enhanced natural strength: 
Lamiaceae essential oils and nanotechnology in in 
vitro and in vivo medical research. International Jour-
nal of Molecular Sciences, 24(20), 15279.

27.	Kumar S., Mahapatro G., Yadav D., Tripathi K., 
Koli P., Kaushik P., Sharma K., Nebapure S. 2022. 
Essential oils as green pesticides: An overview. Indi-
an Journal of Agricultural Sciences, 92, 1298–1305.

28.	Lambert R.J., Skandamis P.N., Coote P.J., Nychas 
G.J. 2001. A study of the minimum inhibitory con-
centration and mode of action of oregano essential 
oil, thymol and carvacrol. Journal of Applied Mi-
crobiology, 91, 453–462.

29.	Langeveld W.T., Veldhuizen E.J.A., Burt S.A. 2014. 
Synergy between essential oil components and anti-
biotics: A review. Critical Reviews in Microbiology, 
40, 76–94.

30.	Lanzerstorfer P., Sandner G., Pitsch J., Mascher B., 
Aumiller T., Weghuber J. 2021. Acute, reproductive, 
and developmental toxicity of essential oils assessed 
with alternative in vitro and in vivo systems. Ar-
chives of Toxicology, 95, 673–691.

31.	Li Y., Fabiano-Tixier A.S., Vian M.A., Chemat F. 
2013. Solvent-free microwave extraction of bioac-
tive compounds provides a tool for green analytical 
chemistry. Trends in Analytical Chemistry, 47, 1–11.

32.	Ling X., Bochu W. 2014. A review of phytotherapy 
of gout: Perspective of new pharmacological treat-
ments. Pharmazie, 69(4), 243–256.

33.	Lysdal S.H., Johansen J.D. 2009. Fragrance contact 
allergic patients: Strategies for use of cosmetic prod-
ucts and perceived impact on life situation. Contact 
Dermatitis, 61, 320–324.

34.	Mostafa E.M., El-Ghorab A.H., Ghoneim M.M., 
Ebrahim H.A., Abulfaraj M., Abdelgawad M.A., 
Farouk A., Musa A. 2023. Cytotoxic and antioxidant 
potential of Launaea mucronata Forssk essential 
oil growing in Northern Saudi Arabia. Molecules, 
28(20), 7025.

35.	Nazzaro F., Fratianni F., De Martino L., Coppola R., 
De Feo V. 2013. Effect of essential oils on patho-
genic bacteria. Pharmaceuticals, 6(12), 1451–1474.

36.	Oussalah M., Caillet S., Lacroix M. 2006. Mecha-
nism of action of Spanish oregano, Chinese cin-
namon, and savory essential oils against cell 



340

Journal of Ecological Engineering 2024, 25(2), 333–340

membranes and walls of Escherichia coli O157:H7 
and Listeria monocytogenes. Journal of Food Pro-
tection, 69, 1046–1055.

37.	Posadzki P., Alotaibi A., Ernst E. 2012. Adverse ef-
fects of aromatherapy: A systematic review of case 
reports and case series. International Journal of Risk 
and Safety in Medicine, 24, 147–161.

38.	Posadzki P., Watson L.K., Ernst E. 2013. Adverse 
effects of herbal medicines: An overview of system-
atic reviews. Clinical Medicine, 13, 7–12.

39.	Pereira C.G., Meireles M.A.A. 2010. Supercritical 
fluid extraction of bioactive compounds: Funda-
mentals, applications and economic perspectives. 
Food and Bioprocess Technology, 3(3), 340–372.

40.	Raut J., Karuppayil S. 2014. A status review on the 
medicinal properties of essential oils. Industrial 
Crops and Products, 62, 250–264.

41.	Regnault-Roger C., Vincent C., Arnason J.T. 2012. 
Essential oils in insect control: Low-risk products 
in a high-stakes world. Annual Review of Entomol-
ogy, 57, 405–424.

42.	Riella K.R., Marinho R.R., Santos J.S., Pereira-Fil-
ho R.N., Cardoso J.C., Albuquerque-Junior R.L., 
Silva; O. 2012. Anti-inflammatory and cicatrizing 
activities of thymol, a monoterpene of the essential 
oil from Lippia gracilis, in rodents. Journal of Eth-
nopharmacology, 143, 656–663.

43.	Rungqu P., Oyedeji O., Gondwe M., Oyedeji A. 
2023. Chemical composition, analgesic and anti-
inflammatory activity of Pelargonium peltatum es-
sential oils from Eastern Cape, South Africa. Mol-
ecules, 28(14), 5294.

44.	Schnitzler P., Koch C., Reichling J. 2007. Suscep-
tibility of drug-resistant clinical herpes simplex vi-
rus type 1 strains to essential oils of ginger, thyme, 
hyssop, and sandalwood. Antimicrobial Agents and 
Chemotherapy, 51, 1859–1862.

45.	Senthil-Nathan S. 2020. A review of resistance 
mechanisms of synthetic insecticides and botani-
cals, phytochemicals, and essential oils as alterna-
tive larvicidal agents against mosquitoes. Frontiers 
in Physiology, 10, 1591.

46.	Sharifi-Rad J., Salehi B., Schnitzler P., Ayatollahi 
S.A., Kobarfard F., Fathi M., Eisazadeh M., Shar-
ifi-Rad M. 2017. Susceptibility of herpes simplex 
virus type 1 to monoterpenes thymol, carvacrol, p-
cymene and essential oils of Sinapis arvensis L., 
Lallemantia royleana Benth. and Pulicaria vulgaris 
Gaertn. Cellular and Molecular Biology, 63, 42–47.

47.	Shellie R., Marriott P., Cornwell C. 2000. Charac-
terization and comparison of tea tree and lavender 
oils by using comprehensive gas chromatography. 
HRC-Journal of High Resolution Chromatography, 
23, 554–560.

48.	Sienkiewicz M., Łysakowska M., Pastuszka M., 
Bienias W., Kowalczyk E. 2013. The potential of 
use basil and rosemary essential oils as effective 
antibacterial agents. Molecules, 18, 9334–9351.

49.	Swamy M.K., Akhtar M.S., Sinniah U.R. 2016. An-
timicrobial properties of plant essential oils against 
human pathogens and their mode of action: An up-
dated review. Evidence-Based Complementary and 
Alternative Medicine, 2016, 3012462.

50.	Tiruppur Venkatachallam S.K., Pattekhan H., Diva-
kar S., Kadimi U.S. 2010. Chemical composition of 
Nigella sativa L. seed extracts obtained by super-
critical carbon dioxide. Journal of Food Science and 
Technology, 47(6), 598–605.

51.	Tongnuanchan P., Benjakul S. 2014. Essential oils: 
Extraction, bioactivities, and their uses for food pres-
ervation. Journal of Food Science, 79, R1231–R1249.

52.	Tousif M.I., Nazir M., Riaz N., Saleem M., Tauseef 
S., Azam S.M., Arfan Yawer M., Zengin G. 2023. 
Terpenoids as human neutrophil elastase (HNE) 
inhibitors: A comprehensive review of natural anti-
inflammatory isoprenoids. Chembiochem, 2023, 
e202300346.

53.	Vigan M. 2010. Essential oils: Renewal of inter-
est and toxicity. European Journal of Dermatology, 
20(6), 685–692.

54.	Wang H.F., Yih K.H., Yang C.H., Huang K.F. 2017. 
Antioxidant activity and major chemical component 
analyses of twenty-six commercially available es-
sential oils. Journal of Food and Drug Analysis, 
25(4), 881–889.

55.	Wrona O., Rafińska K., Możeński C., Buszewski 
B. 2017. Supercritical fluid extraction of bioactive 
compounds from plant materials. Journal of AOAC 
International, 100, 1624–1635.

56.	Yap P.S.X., Yiap B.C., Ping H.C., Lim S.H.E. 2014. 
Essential oils, a new horizon in combating bacte-
rial antibiotic resistance. The Open Microbiology 
Journal, 8, 6–14.

57.	Yang J., Qu Z., Xiao Y.L., Qiu G.F., Zhang T., Wu 
Z.Y., He X.R., Hu X.M. 2011. Chemical compo-
sition and antioxidant activity of the essential oil 
of endemic Viola tianshanica. Natural Product Re-
search, 25, 1635–1640.

58.	Yoon W.J., Lee N.H., Hyun C.G. 2010. Limonene 
suppresses lipopolysaccharide-induced production 
of nitric oxide, prostaglandin E2, and proinflamma-
tory cytokines in RAW 264.7 macrophages. Journal 
of Oleo Science, 59, 415–421.

59.	Zhao J., Jin X., Yang C., Quinto M., Shang H., Li 
D. 2020. Gas purge micro solvent extraction: A 
rapid and powerful tool for essential oil chromato-
graphic fingerprints. Journal of Pharmaceutical and 
Biomedical Analysis, 187, 113339.


