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Abstract
Since ancient times, essential oils (EOs) have been used, thoroughly explored, and regarded as products of great importance for 
humanity. Currently, EOs represent not only an important part of the contemporary pharmaceutical and cosmetic industry but are 
also considered as sources for novel drug candidates. The article discusses the applications of EOs in historical terms, the current 
applications, and the future perspectives. Although there are many studies that involve EOs, the therapeutic potential of EOs is not 
fully investigated. In the next decades it is highly likely that some compounds, isolated from EOs, could be included in the compo-
sition of novel drug candidates with targets in neurology, cardiology, or oncology. Moreover, EOs represent important key points in 
the development of novel environmentally friendly preservatives and pesticides.
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Introduction

Since ancient times, essential oils (EOs) have been used, 
deeply explored, and regarded as products of great im-
portance for human society. According to some sources, 
humanity has known and utilized these products since the 
Neolithic Age (before 4000 A.D.) (Cimino et al. 2021). EOs 
were mainly used for spiritual rituals, beauty treatments, 
and medicinal applications, but with time the use of EOs 
expanded deeply. Nowadays, EOs take an important place 
in the cosmetic, pharmaceutical, and food industries and 
in agriculture (Fig. 1).

According to some sources, the term “essential oil” 
originates from “Quinta essentia” (Dhifi et al. 2016). How-
ever, this fact is not still clarified.

EOs could be described as non-polar liquids with char-
acteristic odour, obtained from an aromatic raw plant ma-
terial, either by steam distillation or by mechanical pro-
cesses from the epicarp of Citrus, or “dry” distillation. EOs 
could be separated from the aqueous phase by different 
physical methods (Dhifi et al. 2016).

In general, most of the aromatic plants are well known 
by humanity and have been used since approximately 5000 
A.D. as preservatives, medicines, spices, and flavorings 
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Figure 1. Applications of essential oils in different industries. Created with BioRender.com (accessed on 21 October 2024).

(Christaki et al. 2012). Nowadays, it is considered that the 
number of aromatic plant species is about 17,000 (Prakash 
et al. 2015). Some of the most important plants from the 
point of EOs belong to the families Asteraceae, Lamiaceae 
or Labiateae, and Apiaceae.

Most parts of the aromatic plants contain EOs: flowers, 
leaves, roots (vetiver), rhizomes (ginger, sweet flag), fruits 
(fennel, anise), seeds, including wood and bark (cinna-
mon, sandalwood, rosewood) (Dhifi et al. 2016). There are 
great variations in the levels of the EO’s content between 
the different parts of the aromatic plants. In plant organ-
isms, EOs are stored in complex secretary structures, in-
cluding glandular trichomes, resin ducts, and secretory 
cavities. It is considered that the main function of the EO 
for plant organisms is protection against pests, predators, 
and pollination (Sharifi-Rad et al. 2017).

EOs are complex mixtures that might contain more 
than 300 different compounds. Normally, these com-
pounds have low molecular weight (below 300) and be-
long to various chemical classes like alcohols, aldehydes, 
ethers, ketones, esters, amines, amides, heterocycles, phe-
nols, and mainly terpenes (Dhifi et al. 2016; Sharifi-Rad et 
al. 2017), which are synthesized in cytoplasm and plastids 
of plant cells (Prakash et al. 2015).

Most of the EOs are classified as GRAS (Generally Rec-
ognized as Safe) or completely safe and, therefore, are the 
subject of intense research (Ruiz-Navajas et al. 2015).

In the last years, EOs gained great attention in the food 
industry research due to their antioxidant, antimicrobial, 
and antifungal properties. Currently, EOs are used and 
studied as safe natural flavoring agents and preservatives, 
and it is considered that they have a great potential to ex-
tend the shelf life of different foods (Holley and Patel 2005; 
Prakash et al. 2015). The increase in the shelf life of food 
products is due to compounds such as vanillin, linalool, 
thymol, cinnamaldehyde, etc. These compounds are as-

sociated with the suppression of the development of mi-
croorganisms and food spoilage (Pinto et al. 2023). It is 
considered that the demand for plant antimicrobials in the 
food industry would become significantly higher because 
of the constant consumers’ requirements for environmen-
tally friendly products (Pinto et al. 2023). The current 
trends include the replacement of the synthetic preserva-
tives with natural ones. Likely, this would be an area in 
which the research of EOs will achieve serious results.

However, one of the most valuable characteristics of 
the EOs is their therapeutic potential, and for ages EOs 
have been studied, especially in this direction. The ther-
apeutic potential of EOs could be described as quite di-
verse: relieving chronic pain, antibacterial, antiviral, and 
antifungal activity, skin recovery effects, etc. Although the 
synthesis of novel molecules evolves daily, the interest in 
EOs is still considerable. Moreover, some EOs and their 
compounds, such as β-caryophyllene, are studied as novel 
drug candidates for the management of neurodegenerative 
diseases like Alzheimer’s disease (Machado et al. 2018).

In the next decades it is highly likely that some com-
pounds, isolated from EOs, could be included in the com-
position of novel drug candidates with targets in neurolo-
gy, cardiology, or oncology.

The aim of the present manuscript is to summarize data 
about the natural evolution of the utilization of EOs, the 
current trends, and their future applications. Data about 
the limitations of the EOs are also included.

Utilization of essential oils in the 
past

One of the earliest data about the use of EOs dates from 
the period of the Neolithic Age (4000 A.D.). In this period 
the use of the EOs was limited mainly to folk medicine 
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and spiritual rituals. Some of the earliest evidence about 
the use of EOs in folk medicine was discovered in Mes-
opotamia (2600 A.D.) and Egypt (2551–2528 A.D.). The 
ancient Egyptians included the EOs not only in their med-
ical and spiritual practices but also in beauty treatments 
and in the mummification procedures. It was considered 
that EOs allowed good preservation of the mummies. This 
is one of the earliest usаges of the EOs as preservatives 
(Valiakos et al. 2015; Dhifi et al. 2016; Cimino et al. 2021).

EOs represent an important part of traditional Chinese 
medicine. The Chinese book “Shennong’s Herbal,” which 
is considered one of the oldest medical books (2700 A.D.), 
includes guidelines for the usage of more than 300 medical 
plants. Currently, China is one of the world’s leading pro-
ducers and consumers of EOs. The EOs are considered a 
fundamental part of Indian folk medicine, which is based 
on more than 5000 years of traditions. The book Ayurve-
da describes the usage of more than 700 medical and re-
ligious plants (Valiakos et al. 2015; Cimino et al. 2021). 
In addition, EOs had a special place in the Ancient Greek 
culture. Because of their stimulating and calming proper-
ties, some EOs were used in many temples. Hippocrates – 
the father of modern medicine – described the medicinal 
application of over 300 plants and strongly believed in the 
benefits of fumigation with EOs for some medical con-
ditions. Another of his beliefs was that the topical appli-
cation of some medicines containing EOs could produce 
systemic effects (Cowan 1999; Lardos 2006; Valiakos et al. 
2015; Dhifi et al. 2016).

Romans used the EOs for SPA and medical procedures. 
In the Middle Ages, Avicenna described the distillation 
method to produce EOs. In 1928, Rene-Maurice Gattefos-
sé introduced for the first time the term “aromatheraphie” 
and described the healing properties of the lavender EO 
(Cowan 1999; Lardos 2006; Valiakos et al. 2015; Dhifi et al. 
2016). Nowadays, EOs are already established as essential 
products for the pharmaceutical and cosmetics industries. 
Currently it is believed that some EOs could be used as 
environmentally friendly alternatives to some pesticides 
and environmentally friendly preservatives.

Biological activities of essential oils
Antibacterial activity of EOs and future 
directions

One of the most urgent health concerns nowadays is an-
timicrobial resistance (AMR). Since the mid-1950s, it has 
become a common practice in agriculture to include an-
tibiotics in animal feedstuff to increase animal flesh pro-
duction and to reduce the economic losses. This practice 
and the high levels of antibiotic prescriptions contributed 
to the extensive spread of the antibiotic resistance all over 
the world. Hospital, industrial, and domestic wastes are 
considered as other important factors for the widespread 
of this concern (Dimitrova et al. 2014). Other contribut-
ing factors are the mutations of the microorganisms and 

their ability to pass on to other hosts in different ways 
(Fournomiti et al. 2015).

According to the World Health Organization (WHO), 
it was estimated that AMR contributed to the death of al-
most 5 million people on a global level in 2019. It was pre-
dicted that this trend would get more serious in the next 
years (Breijyeh and Karaman 2023) (WHO).

Although in the last decade some new antibiotics and 
combinations were introduced, including eftolozane/ta-
zobactam, meropenem/vaborbactam, ceftazidime/avibac-
tam, imipenem/cilistatin/relebactam, cefiderocol, plazo-
micin, eravacycline, and omadacycline, the necessity for 
the discovery of novel antibacterial agents is still urgent 
(Matlock et al. 2021).

Many researchers consider that EOs could be success-
fully used as antibacterial agents for many different ap-
plications. Moreover, it was established that the synergy 
between EO compounds and antibiotics could be a new 
direction for the production of novel antibacterial agents 
(Langeveld et al. 2014).

Numerous studies investigated the mechanism of ac-
tion of EOs and their main compounds as antibacterial 
agents. For example, it was established that Origanum vul-
gare L. EO is associated with reduction in lipase and coag-
ulase activity and enzyme inhibition in bacteria (Carneiro 
De Barros et al. 2009).

The antibacterial activity of the phenolic monoter-
penoid carvacrol is expressed in the membrane disruption 
of the bacterial microorganisms, inhibition of ATPase ac-
tivity, membrane destabilization, leakage of cell ions, fluid-
ization of membrane lipids, and reduction of proton mo-
tive force (Langeveld et al. 2014). Normally this compound 
is present in the component composition of the EOs iso-
lated from Origanum vulgare L., Thymus vulgaris L., Lep-
idium flavum, Citrus aurantium bergamia, and numerous 
other plants. Clinical studies in healthy subjects confirm 
the safety of the compound (Sharifi‐Rad et al. 2018).

In 2023, Sepideh Asadi and colleagues reported a 
successful combination between cefixime and carvacrol 
against Escherichia coli (Asadi et al. 2023). The research 
team reported that carvacrol is associated not only with 
antibacterial activity but also with anti-biofilm activity. 
The study indicated that this combination could become 
a novel alternative for treatment of Escherichia coli infec-
tions. (Asadi et al. 2023).

Thymol is another example of a natural monoterpenoid 
with significant antiseptic properties. The compound has 
a pleasant aroma and is naturally found in the EOs isolat-
ed from Thymus vulgaris and other plants. Thymol causes 
membrane disruption with potential intracellular targets 
and citrate metabolic pathway disruption as well. Other 
compounds, isolated from EOs, which also cause mem-
brane disruption in bacteria, are p-cymene, cinnamal-
dehyde, cinnamic acid, eugenol, and gamma-terpinene 
(Chouhan et al. 2017).

A study published in 2013 reported that carvacrol and eu-
genol could effectively be used as wash treatments to reduce 
Salmonella enteritidis on shell eggs (Upadhyaya et al. 2013).
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Currently, carvacrol, thymol, and eugenol are some of 
the most studied EO compounds. Numerous studies have 
associated these compounds with diverse biological activ-
ity: antibacterial, antioxidant, analgesic, and anti-inflam-
matory. In general, these compounds are considered safe 
for humans, although some studies reported that carvac-
rol, thymol, and eugenol may cause potential toxicological 
effects like pulmonary and renal damage, skin irritation, 
ulcer formation, and others. However, these effects are 
associated with a prolonged exposure/intake (Fuentes et 
al. 2021). Other in vivo studies suggest that carvacrol and 
thymol are not only safe but may also improve gut health 
(Michiels et al. 2010). However, the safety of these com-
pounds should be better analyzed.

Essential oils isolated from plant species belonging to 
the Lamiaceae family are some of the best examples of 
well-expressed antibacterial and antifungal activity. For 
example, Origanum vulgare L., Thymus vulgaris L., Salvia 
sclarea L., and Lavandula angustifolia Mill exhibit differ-
ent biological activities, including antibacterial and an-
tifungal. Oregano, thyme, clove, and arborvitae EOs are 
associated with significant antibacterial activity against 

Escherichia coli, Yersinia enterocolitica, Salmonella typh-
imurium, Listeria monocytogenes, Enterococcus faecalis, 
Staphylococcus aureus, Bacillus cereus, Arthrobacter proto-
phormiae, and Pseudomonas fragi, and anti-fungal activity 
against Chaetomium globosum, Penicillium chrysogenum, 
Alternaria alternate, Cladosporium cladosporoides, and 
Aspergillus fumigatus. Studies suggested that these EOs 
might be used as broad-spectrum antimicrobial agents for 
external use, for decontaminating indoor environments, 
or for disinfection of contaminated surfaces and equip-
ment (Puškárová et al. 2017). Some researchers suggest 
that EOs could be included in novel eco-friendly disinfec-
tion strategies. Moreover, it was established that some EOs 
could prevent the formation of Listeria monocytogenes 
and Salmonella enterica biofilm on stainless steel surfaces 
(Puškárová et al. 2017).

Some double-blinded randomized controlled studies 
evaluated the benefits of the inclusion of EOs in mouthrinse 
products. These studies were focused on the evaluation of 
the antimicrobial effects of the EOs against oral pathogens 
and the levels of reduction of gingivitis. It was reported that 
this type of disinfection showed important clinical benefits, 

Table 1. Data about some studies that investigated the antibacterial activity of different EOs.

Plant material Study design Results References
Echinophora tenuifolia L. 
subsp. sibthorpiana

In vitro study Antimicrobial activity against Bacillus cereus and Staphylococcus spp. (Gokbulut et al. 2013)
In vitro study Antimicrobial and antifungal activity against Fusarium oxysporum, 

Rhizoctonia solani, and Alternaria alternata.
(Sanli and Ok 2023)

Echinophora orientalis 
Hedge & Lamond

In vitro study Antimicrobial effect of E. orientalis essential oil against Staphylococcus 
aureus in a food model

(Farzanehnia et al. 2017)

Origanum vulgare L. In vitro study K. oxytoca is a sensitive organism to Origanum vulgare EO, with a mean 
value of MIC of 0.9 µg/mL. MIC for K. pneumoniae – 73.5 µg/mL.

(Fournomiti et al. 2015)

In vitro study Chemical profile: carvacrol (61.08–83.37%), p-cymene (3.02–9.87%), and 
γ-terpinene (4.13–6.34%). Antibacterial activity against Escherichia coli, 

Salmonella typhimurium, Pseudomonas aeruginosa, Staphylococcus aureus, 
and Bacillus subtilis. B. subtilis was the most sensitive and resistant strain.

(Béjaoui et al. 2013)

In vitro study The carvacrol-rich EOs had a potent inhibitory effect against S. aureus. 
The average DIZ value was 29.1 (±0.6) mm, and the MIC and MBC of EOs 

against S. aureus were 0.125 and 0.25 mg/mL, respectively.

(Hao et al. 2021)

In vitro study Antimicrobial and bactericidal activity, with MIC ranging between 128 μg/
mL and 256 μg/mL and MBC between 256 μg/mL and 512 μg/mL, on the 

tested K. pneumoniae.

(Silva et al. 2023)

Salvia officinalis L. In vitro study No antibacterial activity against E. coli, K. oxytoca, or K. pneumoniae. (Fournomiti et al. 2015)
In vitro study Antibacterial activity against the Gram-positive pathogens (S. aureus and 

M. luteus) and very good activity against B. cereus and B. subtilis.
(Ben Khedher et al. 2017)

In vitro study Antibacterial activity of EOs extracted from Rosmarinus officinalis, Salvia 
officinalis, and Thymus satureioides, individually and in combination with 
conventional antibiotics against S. typhi – MIC values ranging from 2 to 

85 µg/mL.

(Rafya et al. 2022)

Thymus vulgaris L. In vitro study K. oxytoca – MIC of 8.1 µg/mL. MIC for K. pneumoniae: 9.5 µg/mL. (Fournomiti et al. 2015)
Animal Thymus vulgaris EO at 0.4% concentration may negatively affect intestinal 

integrity and the probiotic strain E. faecium AL41.
(Placha et al. 2010)

Zingiber officinale Rosc. In vitro Ginger EO was reported to possess excellent antibacterial activity against 
two foodborne microorganisms: S. aureus and E. coli. This study reported 
that the antibacterial mechanism of the EO seems to be associated with 

damage to the bacterial cell membrane, leakage of macromolecular 
substances such as bacterial proteins and nucleic acids, and decline of 

bacterial metabolic activity.

(Wang et al. 2020)

*MIC: minimum inhibitory concentration;
DIZ: the average diameter of the inhibitory zone;
MBC: minimum bactericidal concentration.
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including reducing plaque and gingival inflammation and 
bleeding without altering basic salivary parameters and de-
creasing the gingival bleeding index (Botelho et al. 2007; 
Cortelli et al. 2009; Marchetti et al. 2017).

A randomized, double-blind, controlled study reported 
that toothpaste containing Lippia sidoides Cham. EO re-
duced significantly the levels of salivary Streptococcus mu-
tans in children with caries after 5 days of treatment (Lobo 
et al. 2014). The main compounds found in this EO were 
caryophyllene (3.59%) and thymol/carvacrol (93.36%) 
(Lobo et al. 2014).

In 2021, Maria Rejane Cruz de Araújo and colleagues 
reported data from a randomized, controlled, and blind-
ed clinical trial, conducted with 36 participants with oral 
candidiasis. The aim of the study was to evaluate the effi-
cacy of cinnamon EO for the treatment of oral candidi-
asis. The participants were divided into two groups: the 
C. zeylanicum group (0.5 mg/mL) and the nystatin group 
(100,000 IU/mL). Each group included 18 participants. 
According to this study, both C. zeylanicum EO and ny-
statin exhibited significant clinical efficacy. C. zeylanicum 
use was associated with a reduction of 61% and 33% of 
Candida spp. (de Araújo et al. 2021).

Most of the clinical studies that investigate EOs are in the 
field of dentistry. It seems that the evaluation of the antibac-
terial potential of different EOs will expand in dentistry in 
the next few years. It is highly likely some novel products 
based on EOs will be introduced in the dental practice soon.

Although some EOs could become promising antibac-
terial agents, there are some limitations for internal use 
because of toxicity and genotoxicity on the mammalian 
cell level. The potential toxic effects of plant extracts, in-
cluding EOs, on humans should not be underestimated 
and better studied.

Anti-inflammatory and antioxidant 
activity

Inflammation is regarded as a complex protective re-
sponse against harmful exogenous stimuli or endogenous 
signaling. However, the persistence of this response in the 
absence of harmful stimuli has no biological relevance 
and is associated with severe tissue damage (De Sousa et 
al. 2023). Several studies investigated the applications of 
EOs in controlling the inflammatory response. It is con-
sidered that the possible anti-inflammatory mechanism 
of EOs involves regulation of the release of inflammatory 
cytokines involved in multiple signalling pathways (Zuo 
et al. 2020). Currently, there are many herbal medicines 
based on EOs for local topical treatment of different inju-
ries and chronic pain.

EOs could be regarded as rich sources of molecules 
with different biological activity, including the anti-in-
flammatory. However, it is important to consider the full 
chemical profile, not only the sole molecules. Some of the 
molecules associated with significant anti-inflammatory 
potential include carvacrol, α-phellandrene, bergapten, 
β-caryophyllene, and others (De Sousa et al. 2023).

In 2021 a randomized, double-blind, clinical trial re-
ported that treatment with carvacrol for two months 
significantly improved the cytokine levels in serum and 
supernatant in asthma patients. Authors suggested that 
carvacrol could be successfully involved as a novel thera-
peutic agent for asthma because of its anti-inflammatory 
and antioxidant activity (Ghorani et al. 2021a).

A placebo-controlled trial investigated the effects of 
carvacrol on inflammatory mediators and respiratory 
symptoms in veterans exposed to sulfur mustard. The au-
thors reported that a two-month treatment with carvacrol 
significantly reduced inflammatory cytokines and chemo-
kines while it increased the anti-inflammatory cytokines 
and improved respiratory symptoms and forced expira-
tory volume-one second value in sulfur mustard-exposed 
patients (Ghorani et al. 2021a).

In recent years, the high efficiency of many EOs with anti-
oxidant activity has been increasingly reported. Additionally, 
EOs and their constituents have been investigated as alterna-
tive additives in aromatherapy and the food industry, high-
lighting their advantages over synthetic antioxidants that of-
ten have negative health effects (Tit and Bungau 2023).

In a study by Mot et al., the chemotyping, antioxidant 
activity of EO from Salvia officinalis, and its effect in aroma-
therapy conducted in a hospital setting were determined. 
According to this research, the EO has limited antioxidant 
capacity, but hospitalized patients may find that inhaling 
the high borneol content of the oil increases their comfort/
pleasure (Mot et al. 2022). A study conducted by S. Kam-
moun El Euch et al. shows that antioxidant activity may be 
due to the greater abundance of the two compounds 1,8 
cineole (22.22%) and terpinen-4-ol (0.8%) in the essential 
oil of the Tunisian cultivar of S. officinalis and also due to 
the presence of some minor components, such as α-pinene 
(1.71%), terpinen-4-ol (0.8%), or linalool (0.28%), con-
sidered to be among the most powerful scavengers of free 
radicals (El Euch et al. 2019). In another study by Khedher 
et al., it was reported that the antioxidant activity is due to 
the presence of monoterpenes such as α-pinene and several 
sesquiterpenes. It is assumed that the contribution of minor 
and major compounds contributes to this activity, and not 
just one or a few active molecules (Ben Khedher et al. 2017).

Minchán-Herrera et al. suggested that volatile Valeri-
ana pilosa components that act as potential CYP2C9 gene 
and xanthine oxidase inhibitors may contribute to the ob-
served antioxidant effect (Minchán-Herrera et al. 2022). 
The pharmacological effects of Scutellaria edelbergii EOs 
were initially documented by Shah et al. The findings point 
to the presence of methyl abiet-7-en-18-oate, a bioactive 
compound that may serve as an effective pain reliever, an-
tioxidant, and anti-inflammatory agent (Shah et al. 2022).

Neuroprotection

Globally, neurodegenerative diseases are a cause of dis-
ability and mortality. Despite advances in medicine, cur-
rent treatments for these diseases are still limited and 
often ineffective (Qneibi et al. 2024). This leads to a grow-
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ing interest in alternative and complementary therapies. 
One part of the studies focused on properties of EOs and 
their potential application in neurodegenerative diseases 
(Qneibi et al. 2024).

The neuroprotective effects are due to their ability to 
modulate various signaling pathways and neurotransmit-
ter systems involved in neuronal survival and function. 
EOs exert their neuroprotective effects by acting as an-
tioxidants (Tongnuanchan and Benjakul 2014). Ayaz M. 
and colleagues, in their study, proved that EOs modulate 
the activity of the glutamatergic system, which is critical 
for learning and memory in the brain (Ayaz et al. 2017). 
Studies have shown that EOs can also modulate the activ-
ity of α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic 
acid (AMPA) receptors (Majlessi et al. 2012), which are 
important for synaptic plasticity and learning and mem-
ory processes. By modulating AMPAR activity, EOs can 
potentially improve cognitive function and memory and 
provide new therapeutic approaches for neurodegenera-
tive diseases (Qneibi et al. 2024; Lee et al. 2016). Several 
studies have indicated that lavender and rosemary EOs 
have neuroprotective properties and can potentially be 
used to treat several neurological disorders and condi-
tions, such as depression, Alzheimer’s disease (AD) (Wil-
liams et al. 2011; Ayaz et al. 2017; Majlessi et al. 2012), de-
mentia, Parkinson’s disease (PD) (Loizzo et al. 2013), etc.

Limitations of essential oils and 
encapsulation strategies

The main limitations of the EOs are related to their chem-
ical instability: they are highly volatile and easily oxidized 
under the influence of light and oxygen and require spe-
cial storage conditions. EOs evaporate quickly and pass 
into the body easily and quickly through the skin (Stoleru 
and Brebu 2021). EOs must be stored appropriately to pre-
vent rancidity.

The shelf life, the quality, and the beneficial properties 
largely depend on the storage of the EOs. When stored 
in the correct conditions (including appropriate contain-
er, temperature, etc.), the EOs can reach their maximum 
shelf life with a conservative estimate of at least one year. 
Properly maintained EOs can even last for ten years or 
more, depending on the type and storage conditions of the 
EOs. The quality of the EOs declines gradually with the 
oxidation process, causing loss of aroma and nourishing 
benefits. Not all EOs break down at the same rate. For ex-
ample, the citrus EOs oxidize faster than the others. EOs 
with earthy or woody aromas, like patchouli and sandal-
wood, tend to smell even better with time. Thus, the oil’s 
shelf life can vary greatly depending on the quality of the 
vintage and the storage method (Xu et al. 2017).

The stability of essential oil compounds is of great inter-
est since it is related to quality and delivery in the organ-
ism. Despite their diverse biological effects, the practical 
use of EOs is constrained by their inability to dissolve in 
water, their tendency to evaporate, and their lack of sta-

bility (Xu et al. 2017). EOs are said to possess irritating 
characteristics within the human organism, and enzymes 
in the body may deactivate them when identified as for-
eign substances. These obstacles can be surmounted by 
employing an effective drug delivery mechanism utilizing 
lipid-based delivery systems, inclusion complexes with cy-
clodextrins, microcarriers, or nanocarriers. Encapsulating 
EOs within a drug delivery system reduces their volatility 
and toxicity while enhancing their stability, bioavailability, 
and biological efficacy (Cimino et al. 2021). Encapsulation 
offers robust protection against moisture, oxygen, light, 
and unwanted interactions, thus extending the shelf life 
and potency of essential oils. The outcome of encapsula-
tion is the production of particles in various sizes, ranging 
from a few micrometers to several millimeters, presented 
as particles, capsules, droplets, or complexes (Nguyen et 
al. 2021). Encapsulation techniques involve processes like 
spray-drying, emulsification, complexation, coacervation, 
and nanoprecipitation. The choice of encapsulation meth-
od primarily relies on various factors, including particle 
size, physical and chemical characteristics of both the 
core and the wall materials, intended application of the 
encapsulated product, mechanisms for controlled release, 
and cost considerations. Spray drying, dating back to the 
1930s, is one of the earliest encapsulation techniques em-
ployed to create the first encapsulated flavor compounds. 
Its widespread adoption in the pharma industry today can 
be attributed to its cost-effectiveness, availability of diverse 
encapsulating materials, ability to retain and stabilize vol-
atile compounds, and capacity for large-scale production 
(Nguyen et al. 2021) (Veiga et al. 2019). The procedure in-
volves five primary steps: first, preparing the oil and the 
water phase; second, dispersing the emulsion (such as 
lipids in a concentrated solution of wall material); third, 
homogenizing the dispersion; fourth, subjecting the feed 
dispersion to spray drying; and finally, dehydrating the 
spray-dried particles. Encapsulation commonly employs 
a variety of wall materials, including carbohydrates such 
as starches, maltodextrins, sucrose, cyclodextrin, cellulose, 
and chitosan. Gums like acacia, agar, sodium alginate, and 
carrageenan are also frequently used, alongside lipids such 
as waxes, paraffin, stearic acid, tristearin, mono- and di-
glycerides, oils, and fats. Additionally, proteins like gluten, 
casein, gelatine, albumin, and peptides are utilized in the 
encapsulation process (Veiga et al. 2019). Carbohydrates 
and proteins serve as the primary classes of wall materi-
als for the encapsulation of essential oils via spray drying, 
with gum arabica emerging as one of the widely utilized 
options (Jafari et al. 2008). In the emulsification process, 
proteins undergo a conformational change and align 
themselves at the oil-water interface, enhancing stability 
by contributing to repulsive forces that deter emulsion 
breakdown. Gelatin, a protein derived from collagen, pos-
sesses film-forming characteristics and water solubility. 
Alterations in the pH of the aqueous solution can induce 
polycationic and polyanionic effects within the gelatine, 
which are harnessed in coacervation processes (Bakry et 
al. 2016). Complex coacervation involves the phase sepa-
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ration of two biopolymers with opposite charges, resulting 
in the formation of coacervates within a narrow pH range. 
These coacervates consist of a modified layer surrounding 
oil-in-water emulsion droplets as the core. Through the 
introduction of a cross-linking agent, the layer transforms 
into a robust membrane. Microcapsules generated through 
this technique typically exhibit lower surface oil and high-
er oil content, along with enhanced stability, compared to 
those produced via spray-drying (Bakry et al. 2016). Lipo-
somes represent a vesicular system characterized by one 
or more bilayers composed of phospholipids, enclosing an 
aqueous core. Initially explored as drug delivery systems 
in the 1970s, liposomes serve as carriers for both lipophilic 
and hydrophilic molecules, owing to the presence of both 
hydrophilic compartments and lipophilic bilayers. Encap-
sulating EOs within liposomes provides protection from 
degradation and enhances solubility, making them a versa-
tile tool for drug delivery (Musthaba et al. 2009). Solid lip-
id nanoparticles (SLNs) and nanostructured lipid carriers 
(NLCs) are the most recent essential oil carriers. Solid lip-
id nanoparticles emerged in the early 1990s as a solution to 
the limitations associated with liposomes. They consist of 
physiological lipids combined with surfactants and water, 
offering a promising alternative for essential oil delivery 
with enhanced stability and controlled release properties. 
Nanostructured lipid carriers constitute a second genera-
tion of lipid nanoparticles, introduced in 1999 to address 
the shortcomings of SLNs, including their restricted load-
ing capacity and the risk of drug expulsion during storage. 
NLCs offer improved EO encapsulation efficiency and en-
hanced stability, making them a promising advancement 
in essential oils delivery technology (Bakry et al. 2016).

Encapsulated EOs are increasingly recognized as a vi-
able alternative to conventional antibiotics for combating 
multidrug-resistant pathogens, which have emerged due 
to the indiscriminate use of antibiotics. Research indicates 
that essential oils loaded in NLCs exhibit antibacterial 
activity and demonstrate in vivo wound-healing effects. 
Moreover, the encapsulation of EOs has been explored for 
the development of anticancer delivery systems, showcas-
ing the versatility and potential therapeutic applications of 
this approach (Nguyen et al. 2021). Encapsulation of EOs 
facilitates their incorporation into various dosage forms 
and enables precise control over their release kinetics, 
which is necessary for determining their effectiveness.

Essential oils as biopesticides

The volatile compounds, isolated from EOs, seem to pres-
ent great importance for the agriculture industry due to 
their applications as biopesticides. Plant protection in 
modern agriculture requires intensive application of pes-
ticides. Their use increases yields, but this leads to the ac-
cumulation of pesticides in agricultural products and the 
environment, polluting the ecosystem and causing adverse 
health effects. Currently, the demand for green pesticides/
eco-friendly pesticides seems to be higher than ever.

An alternative to the use of chemical products for plant 
protection is biopesticides, which are part of organic 
farming and allow limiting negative impacts on the en-
vironment and achieving high yields (Lahlali et al. 2022; 
Ayilara et al. 2023; Gostin and Popescu 2023). Compared 
to synthetic pesticides, the main advantage of biopesti-
cides is to achieve pest control without polluting the envi-
ronment (Ntalli et al. 2022). Synthetic chemicals have also 
traditionally been used to protect bee colonies from pest 
infestations, but they often have poor selectivity, resulting 
in high toxicity to bees and humans and the development 
of resistance by the target beekeeping pests. Current Eu-
ropean policy promotes the use of ecological methods to 
control bee pests, and international research highlights 
plant secondary metabolites as relevant candidate alter-
natives (Ntalli et al. 2022). Biopesticides must achieve an 
effect caused by a naturally occurring substance or its syn-
thetic equivalent that is derived from a plant or animal 
source (Valiakos et al. 2015).

The biopesticides production is regarded as one of the 
essential future directions for the use of EOs (Samada and 
Tambunan 2020).

Nowadays, it is regarded that some volatile compounds 
isolated from EOs are able to improve not only the crop 
yield but also soil health, plant growth, and to enhance 
plant resistance against pests and pathogens (Ventu-
ra-Aguilar et al. 2024).

The most studied EOs as biopesticides are thyme, clove, 
cinnamon, rosemary, eucalyptus, oregano, and lemon-
grass oils (Gostin and Popescu 2023). However, currently 
the number of commercial biopesticides based on EOs re-
mains low (Mossa 2016).

Among the plant families with promising essential oils 
used as repellents are Cymbopogon spp., Ocimum spp., and 
Eucalyptus spp. Some of the compounds with significant 
repellent activity are α-pinene, limonene, citronellol, cit-
ronellal, camphor, and thymol (Nerio et al. 2010).

Some monoterpenes, such as α-pinene, cineole, euge-
nol, limonene, terpinolene, citronellol, citronellal, cam-
phor, and thymol, are common constituents of a number 
of EOs described in the literature as presenting mosquito 
repellent activity (Nerio et al. 2010). Among the sesqui-
terpenes, β-caryophyllene is the most cited as a strong 
repellent against A. aegypti (Gillij et al. 2008). Although 
the repellent properties of several EOs regularly appear to 
be related to the presence of monoterpenoids and sesqui-
terpenes (Jaenson et al. 2006), other authors, Odalo et al. 
(Odalo et al. 2005), have found that phytol, a linear diter-
pene alcohol, has a high repellent activity against Anoph-
eles gambiae. Furthermore, the oxygenated compounds 
phenylethyl alcohol, b-citronellol, cinnamyl alcohol, 
geraniol, and α-pinene isolated from the essential oil of 
Dianthus caryophyllum showed a strong repellent activity 
against ticks (I. ricinus) (Tunón et al. 2006).

Thymus vulgaris EOs and their main volatile com-
pounds are some of the most prominent examples of strong 
repellent activity. The monoterpenes carvacrol, p-cymene, 
linalool, alpha-terpinene, and thymol were reported to 
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provide repellence against the mosquito Culex pipiens 
pallens (Silva et al. 2021). Although all five compounds 
effectively repelled mosquitoes, based on a human bioas-
say, carvacrol and α-terpinene were reported to provide 
a significantly greater repellent activity than a commer-
cial formulation that contained N, N-diethyl-m-methyl-
benzamide. This compound is one of the oldest and most 
effective repellents. It is called diethyltoluamide, or DEET. 
Currently, it is a common active ingredient in many com-
mercial repellents (Samada and Tambunan 2020). It was 
established that thymol can provide a similar repellent ac-
tivity to that of N, N-diethyl-m-methylbenzamide. More-
over, the duration of repellence after application for car-
vacrol, p-cymene, linalool, α-terpinene, and thymol was 
similar to or higher than that of DEET.

Recently it was established that at the same con-
centration, β-caryophyllene oxide provides a stronger 
repellent and  irritant effect than DEET. The repellent 
activity was evaluated against laboratory strains of fe-
male  Aedes aegypti and  Anopheles minimus (a major 
malaria parasite vector) (Nararak et al. 2019). These 
findings represent an important and significant step in 
future malaria prevention.

The studies published in the last decade indicate that 
EOs may serve as an eco-friendly and much safer alterna-
tive to the classic mosquito repellents (Jaenson et al. 2006).

Essential oils market trends and 
regulatory requirements in the EU

EOs have traditionally found extensive application in the 
areas of food and beverage manufacturing, as well as with-
in the field of aromatherapy. Nevertheless, in recent years, 
the growing use of EOs in various sectors, including phar-
maceuticals, cosmetics, and personal care, significantly 
increased their sales (Bolouri et al. 2022). The European 
EOs market size was valued at an estimated USD 11.72 
billion in 2023 and is expected to expand at a compound 
annual growth rate of 8.4% from 2024 to 2030. In 2023, 
the European region contributed to 49.4% of the global 
EO market’s total revenue. The highest share belongs to 
orange EOs (Market Analyses Report 2024).

The regulatory requirements for EOs vary depending 
on their intended uses, including raw materials, cosmetic 
products, food and food supplements, or medicinal prod-
ucts. Raw material EOs are regulated under the consol-
idated version of the Regulation (EC) No 1272/2008 on 
the classification, labeling, and packaging of substances 
and mixtures (CLP Regulation 2008) as well as Regulation 
(EC) No 1907/2006 of the European Parliament and of the 
Council of 18 December 2006 concerning the registration, 
evaluation, authorization, and restriction of chemicals 
(REACH) (REACH Regulation 2006), provided that pro-
duction exceeds 1 tonne annually.

EOs are commonly incorporated into a range of cos-
metic products, including moisturizers, lotions, cleans-
ers, creams, hair care products, perfumes, etc. (Bolouri 

et al. 2022). When EOs are included in cosmetic prod-
ucts, they must comply with specific regulations related 
to labeling, safety for human health, and the disclosure 
of allergen information. In this context, the requirements 
outlined in European cosmetic legislation, such as Regu-
lation (EC) No 1223/2009 of the European Parliament and 
of the Council of 30 November 2009 on cosmetic prod-
ucts regulation (EC) No 1223/2009, and Regulation (EU) 
2023/1545 (Commission Regulation 2023) regarding la-
belling of fragrance allergens in cosmetic products, must 
be followed.

There are many herbal medicinal products on the 
pharmaceutical market containing EOs successfully used 
in conditions in which self-medication is applied, such as 
insomnia, cough, irritable bowel syndrome, urinary tract 
infections, headache, etc. (Sattayakhom et al. 2023; Else-
bai and Albalawi 2022). Given their widespread availabil-
ity and popularity, EOs used as active pharmaceutical in-
gredients (APIs) must comply with specific standards for 
efficacy, quality, and safety. As APIs, EOs can be incorpo-
rated into herbal preparations used in both herbal medic-
inal products and traditional herbal medicinal products 
for human use (Petina 2023). At the EU level, a simpli-
fied registration process for traditional herbal medicinal 
products was established in 2004 with the adoption of Di-
rective 2004/24/EC, also known as the Herbal Directive 
(European Parliament 2004). The quality requirements for 
EOs can be found in monographs of the European Phar-
macopoeia and in scientific guidelines provided by the 
Committee on Herbal Medicinal Products (EMA 2024).

Conclusion

Although the synthesis of novel molecules evolves daily, 
the demand for natural and safe products seems to be con-
siderable. The utilization of EOs dates to antiquity and has 
deep traditions in human society. However, the scientific 
attention to EOs and the number of studies involving EOs 
seems to be significant. Some of the main directions for 
expanding EOs’ applications seem to be the development 
of novel green pesticides, repellents, and natural preser-
vatives. The synergy between EOs compounds and the 
antibiotics could be an important direction for research 
programs for novel antibacterial agents. Neuroprotection 
seems to be another important area that could be explored 
more deeply in the next years, and it is highly likely novel 
therapeutic agents will be developed based on some natu-
ral molecules, isolated from EOs.
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