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Abstract

:

Since ancient times, essential oils (EOs) derived from aromatic plants have played a significant role in promoting human health. EOs are widely used in biomedical applications due to their medicinal properties. EOs and their constituents have been extensively studied for treating various health-related disorders, including cancer. Nonetheless, their biomedical applications are limited due to several drawbacks. Recent advances in nanotechnology offer the potential for utilising EO-loaded nanoparticles in the treatment of various diseases. In this aspect, chitosan (CS) appears as an exceptional encapsulating agent owing to its beneficial attributes. This review highlights the use of bioactive EOs and their constituents against breast cancer cells. Challenges associated with the use of EOs in biomedical applications are addressed. Essential information on the benefits of CS as an encapsulant, the advantages of nanoencapsulated EOs, and the cytotoxic actions of CS-based nanoencapsulated EOs against breast cancer cells is emphasised. Overall, the nanodelivery of bioactive EOs employing polymeric CS represents a promising avenue against breast cancer cells in preclinical studies.
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1. Introduction


Cancer is one of the leading causes of mortality worldwide, accounting for almost ten million deaths in 2020 [1]. Among cancer diseases, breast cancer is the most frequently diagnosed cancer. Breast cancer is a heterogeneous disease generally linked to oestrogen hormones. In addition, it was reported that 5–10% of breast cancer cases are linked to gene alterations. Breast cancer is more common in women between the ages of 65 and 80. However, invasive breast cancer incidence is seen in women under the age of 50. According to studies, early-stage breast cancer can be cured in about 70% of patients, but metastatic breast cancer is typically incurable [2]. Currently, the main treatments for breast cancer include chemotherapy, radiation therapy, and surgery. However, the adverse side effects of conventional therapies have driven researchers to search for alternatives [3].



Regarding the important role of natural products as a source of biologically active constituents, essential oils (EOs) appear as potential candidates for combating human diseases. The use of plant EOs has been evidenced for thousands of years. It was recorded that the Egyptians employed plant EOs for medicinal purposes as early as 4500 BC. Since then, EOs have been produced commercially owing to their widespread use and medicinal value [4,5]. Generally, EOs are a complex mixture of volatile aromatic constituents that are extracted from various plant parts. Due to their wide range of biological effects, EOs are attracting immense scientific attention and may be essential for the treatment of cancer [6,7]. However, EOs present some disadvantages in biomedical applications owing to their volatility, instability, and water insolubility and the heterogeneity in their chemical composition and biological effects [8,9].



In this context, encapsulation may overcome the shortcomings in preserving the bioactive constituents of EOs. Encapsulation can improve the stability, bioavailability, functional properties, and controlled release of bioactive constituents of EOs [8,10]. Additionally, adjusting the pH during encapsulation may enhance the stability of EOs. Encapsulation using biopolymers as carrier agents has attracted immense attention owing to their beneficial attributes. Among the wide range of biopolymers, chitosan (CS) has been widely employed in pharmaceutical settings, including for drug delivery. Generally, CS is the deacetylated form of chitin and is a generally recognized as safe (GRAS) material. It exhibits good properties such as biodegradability, bioavailability, biocompatibility, and non-toxicity [11,12]. Therefore, CS-based nanoencapsulated EOs offer an alternative approach to enhance the physical stability and bioavailability of bioactive EOs. The nanoscale particle size of EOs embedded in CS increased the surface-to-volume ratio, water solubility, and colloidal stability and resulted in a better controlled release of bioactive constituents [13,14]. In this review, we highlight the bioactive attributes of EOs and their constituents against breast cancer cells. The challenges associated with the biomedical applications of EOs are discussed. In addition, we emphasise the benefits of nanoencapsulated EOs, with a specific focus on CS-based nanoencapsulated EOs against breast cancer cells.




2. Essential Oils (EOs)


EOs are volatile organic constituents with low molecular weights extracted from leaves, buds, flowers, seeds, stems, fruits, roots, rhizomes, barks, and tubers [15,16,17,18]. Generally, EOs are insoluble in water but soluble in organic solvents [19,20]. Conventionally, EOs are extracted using hydrodistillation, steam distillation, or solvent extraction. Hydrodistillation is regarded as the simplest extraction technique. Plant materials are boiled with distilled water and connected to a Clevenger-type apparatus. Steam distillation, on the other hand, is conducted by passing steam through the plant materials. Hot vapours are then condensed to collect EOs. Solvent extraction involves the usage of organic solvent to macerate the plant materials, followed by filtration and solvent concentration [21,22]. Meanwhile, modern extraction techniques such as supercritical fluid extraction, microwave-assisted extraction, and ultrasonic-assisted extraction have improved the quality and yield of EOs. Shorter extraction time, lower energy consumption, and lesser solvent usage are among the notorious advantages of non-conventional extraction techniques for EOs [23,24]. Supercritical fluid extraction uses carbon dioxide as the solvent to pass through the plant materials. The collected EOs and the extracts are then separated by decompression [25]. Microwave-assisted extraction uses microwaves as the source of energy. It is environmentally friendly and requires a short extraction time [26]. Ultrasonic-assisted hydrodistillation involves the penetration across the plant cells via cavitation. This method improves the extraction efficiency and prevents the degradation of plant materials [27]. Extraction of plant EOs has been the focal point of research interest as it plays a key role in determining the type, amount, and chemical structures of the EO constituents [22].



For decades, EOs have been recognised as source of pharmaceutical agents. They possess a broad spectrum of biological activities, notably antioxidant, anti-inflammatory, anticancer, antibacterial, antiviral, antifungal, antimutagenic, antiparasitic, antimycotic, and antidiabetic activities [15,28,29]. Typically, these biological activities are mainly attributed to the predominance of major constituents. Nonetheless, previous studies have reported that interactions between different EO constituents may lead to additive or synergistic effects. An additive effect is defined as the sum of the individual effects of two or more constituents together. Meanwhile, a synergistic effect is defined as the combined effect of two or more constituents being greater than the sum of all of their individual effects [21]. Thus far, more than 3000 plant EOs have been extracted owing to their attractive biological activities. Nevertheless, the quality and yield of EOs are affected by factors such as plant parts, extraction methods, harvesting seasons, geographical locations, and postharvest storage conditions [30]. In industrial applications, EOs are widely used as flavouring agents in food and beverage, cosmetics, fragrances, and oral products [31]. For example, EOs extracted from citrus and lavender are commonly used in fragrances [32]. In soft drink manufacturing, EOs of cola, cinnamon, and vanilla are often employed [33]. Meanwhile, peppermint EOs are commonly used as the main ingredient in the manufacturing of oral products, such as mouthwash and toothpaste, confectionery, analgesic balms, chewing gums, and tobacco [34].



2.1. Constituents of EOs


EOs comprise more than 300 volatile organic constituents with molecular weights less than m/z 300 [5]. Generally, EOs consist of terpenes and phenylpropanoids [24]. Terpenes and terpenoids have been extensively investigated for their important roles in human health owing to their excellent therapeutic properties [35]. Terpenes are grouped according to the number of isoprene units in their structure. The isoprene units undergo head-to-tail condensation or rearrangement to give an array of terpenes. They are further classified into hemiterpenes (C5), monoterpenes (C10), sesquiterpenes (C15), diterpenes (C20), sesterterpenes (C25), triterpenes (C30), sesquarterpenes (C35), and tetraterpenes (C40). Terpenes are regarded as one of the most prominent groups of plant secondary metabolites. On the contrary, terpenoids are oxygen-containing terpenes that are synthesised via biochemical modifications and reactions [36]. They are categorised into alcohols, aldehydes, epoxides, esters, ether, ketones, and phenols [35].



Among terpenes, hemiterpenes are the simplest. They are regarded as a minor group in plant EOs, with a molecular formula of C5H10. Hemiterpenes are commonly released from conifers, oaks, and poplars. Some common hemiterpenes found in EOs are angelic acid, isoamyl alcohol, isovaleric acid, senecioic acid, and tiglic acid [35]. Monoterpenes comprise two units of isoprene and have the molecular formula of C10H16. They make up approximately 90% of total EO constituents [37]. Monoterpenes primarily control the release of specific odours from plants and are divided into acyclic and cyclic forms. For instance, ocimene and myrcene are acyclic monoterpenes, while limonene and p-cymene are cyclic monoterpenes [38]. Conversely, citral and linalool are common acyclic monoterpenoids, while cyclic monoterpenoids are represented by thymol and eucalyptol [36]. Sesquiterpenes, on the other hand, are less volatile than monoterpenes. Sesquiterpenes are derived from three isoprene units and have the molecular formula of C15H24. Similar to other terpenes, sesquiterpenes exist in both acyclic and cyclic forms. Sesquiterpenes and their derivatives are commonly detected in plant EOs. They are receiving much interest owing to their distinctive odour and flavour attributes. Examples of common sesquiterpenes and sesquiterpenoids are α-humulene, β-caryophyllene, patchoulol, and farnesol. Meanwhile, diterpenes, sesterterpenes, triterpenes, sesquarterpenes, and tetraterpenes are rarely detected in EOs due to their low volatility [39,40]. Figure 1 shows the chemical structures of common EO constituents.




2.2. Cytotoxic EOs against Breast Cancer


Previous studies have reported the cytotoxic nature of EOs against breast cancer cells through different mechanisms of action. EOs trigger the death of cancer cells via apoptosis, necrosis, or cell cycle arrest. This involves the loss of mitochondrial potential, changes in pH gradient, an increase in the cell membrane fluidity, and a decrease in adenosine triphosphate (ATP) synthesis [41]. In addition, the toxicity potential of EOs is suggested to be governed by the type of organism. In eukaryotes, toxicity decreases as the lipophilic components of EOs increase. In prokaryotes, toxicity increases as the lipophilic components of EOs increase [4]. Owing to their promising cytotoxic property, some common EOs were extensively investigated for their in vitro cytotoxic effects on breast cancer cell lines (Table 1). In addition, studies have shown that certain EOs in combination with a chemotherapeutic drug enhanced the cytotoxic activity on cancer cell lines. Thus, only a small dose of a drug is needed when combined with EOs while maintaining the same cytotoxic effect [42]. Common EOs, originating from cinnamon, rose, thyme, chamomile, lavender, jasmine, lemon, agarwood, lemongrass, and citronella, were investigated for their cytotoxic effects against human breast cancer MCF-7 cells. MCF-7 cells are often used in breast cancer studies owing to their ideal characteristics of the mammary epithelium. Physiologically, MCF-7 cells are hormone-responsive breast cancer cells, which express oestrogen receptors (ERs). ERs are nuclear proteins regulating the expression of specific genes in breast cancer development and progression, and approximately 80% of breast cancers are ER-positive. Thus, the MCF-7 cell line is suitable to be used as an experimental model for drug discovery in breast cancer [8].



In a study conducted by Zu and co-workers, thyme (Thymus vulgaris) EOs showed the most potent cytotoxic effect against MCF-7 cells with an inhibitory concentration of 0.030% (v/v). Other EOs from cinnamon, rose, chamomile, lavender, jasmine, and lemon showed cytotoxic effects ranging from 0.072 to 0.143% (v/v). The exhibited cytotoxic activity could be attributed to the different constituents present in the EOs, notably terpenes [43]. Lemongrass (Cymbopogon citratus) and citronella grass (Cymbopogon nardus) are two closely related medicinal herbs native to tropical countries. These aromatic plants have been investigated for their potential against cancer cells due to their excellent pharmacological properties. Lemongrass EOs exhibited a significant inhibitory concentration (IC50) at 0.28% (v/v), while citronella grass EOs showed an IC50 at 0.46% (v/v). Previous studies have demonstrated that the amount of major constituents in EOs plays a vital role in biological activities. Citronellal, a major constituent in citronella grass EOs, has been evaluated for its selectivity index (SI) against cancerous MCF-7 cells and non-cancerous cells. The SI in cytotoxicity is a measure used to assess the relative toxicity of a substance to different cell types, typically cancer cells versus non-cancerous cells. A higher SI suggests that a substance is more toxic to cancer cells, indicating potential therapeutic value with lower toxicity to non-cancerous cells [8]. Citronellal showed a high SI of 25.8, indicating its high selectivity towards cancerous MCF-7 cells [44,45]. In addition, agarwood (Aquilaria spp.) EOs have been assessed for their cytotoxic potential against MCF-7 cells. It was reported that 44 μg/mL of agarwood EOs could kill 50% of MCF-7 cells. Traditionally, agarwood is mainly used for religious, aromatherapy, and medicinal purposes. The observed cytotoxic effects might be due to the predominance of sesquiterpenoids, namely isoaromadendrene epoxide, agarospirol, and β-guaiene, in the agarwood EOs [46,47]. The ginger plant is popularly used in culinary and folk medicine. Ginger EOs extracted using hydrodistillation have been assessed for cytotoxicity against MCF-7 cells using an MTT assay. The results revealed the cytotoxic potential of ginger EOs against MCF-7 cells with an IC50 of 82.6 ± 3.2 μg/mL [48]. Tea tree, scientifically known as Melaleuca alternifolia, is highly regarded for its folk uses. A steam-distilled tea tree EO was evaluated for its cytotoxic potential against MCF-7 cells. A terpinen-4-ol-rich tea tree EO showed an IC50 of 537 μg/mL after 24 h treatment against MCF-7 cells. In addition, the findings revealed that tea tree EOs induced early-stage apoptosis against MCF-7 cells at concentrations of 100 and 300 μg/mL [49]. Citrus limon is a widely known fruit tree from the Rutaceae family. The leaf and branch of C. limon were hydrodistilled to give 0.01% (v/w) and 0.005% (v/w) oil yield, respectively. Based on the results, leaf EOs of C. limon demonstrated an IC50 of 10% (v/v) against MCF-7 cells. In addition, the leaf EOs induced apoptosis through increased expression levels of caspase-8 [50]. In another study, a monoterpenoid-rich lavender EO was studied for its cytotoxic potential against human breast MDA-MB-231 cancer cells. The lavender EO showed a dose-dependent cytotoxic effect on MDA-MB-231 cells with an IC50 of 0.259 ± 0.089 μg/mL. It was reported that a high content of eucalyptol is positively correlated with the observed cytotoxicity [51]. Basil is a widely used culinary herb worldwide. In the study conducted by Aburjai in 2020, basil EOs were dominated by linalool (36.26%) and eucalyptol (11.36%). In the MTT assay, basil EOs exhibited an IC50 of 432.3 ± 32.2 and 320.4 ± 23.2 μg/mL on MDA-MB-231 and MCF7 cells, respectively. It was hypothesised that the major constituents present in the basil EOs play a main role in the observed cytotoxic effects [52]. In a study by Niksic et al. (2021), thyme EOs were reported to inhibit cancer cell proliferation in a dose-dependent manner. A thymol and p-cymene-rich thyme EO was reported to exhibit an LC50 value of 60.38 μg/mL in a brine shrimp lethality assay. Meanwhile, the IC50 against MCF-7 cancer cells was recorded at 52.65 μg/mL [42]. Matricaria recutita (chamomile) is a medicinal herb commonly used in aromatherapy and folk medicine. Chamomile EOs were predominated by terpenoids which accounted for 63.51% of the total oil. In a cytotoxicity assessment, chamomile EOs showed potent cytotoxicity on MDA-MB-231 cells with an IC50 of 4 μg/mL. In addition, chamomile EOs reduced the migration and invasion of MDA-MB-231 cells. Based on these findings, it was suggested that the cytotoxic effects of chamomile EOs were due to the inhibition of PI3K/Akt/mTOR signalling pathway in MDA-MB-231 cells [53]. Overall, the demonstrated biological activity might be primarily attributed to the volatile constituents present in the EOs. Nonetheless, the chemical complexity of EOs plays a key role as each constituent contributes to the exhibited bioactivity and may regulate the biological effects of other constituents [54,55].





 





Table 1. Cytotoxic effects of some common EOs against breast cancer cells.
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Breast Cancer Cells

	
EO

	
Botanical Source

	
IC50

	
Reference






	
MCF-7

	
thyme

	
Thymus vulgaris

	
0.030% (v/v)

	
[43]




	
chamomile

	
Anthemis nobilis

	
0.072% (v/v)




	
rose

	
Rosa centifolia

	
0.074% (v/v)




	
cinnamon

	
Cinnamomum zeylanicum

	
0.076% (v/v)




	
jasmine

	
Jasminum grandiflora

	
0.077% (v/v)




	
lavender

	
Lavandula stoechas

	
0.142% (v/v)




	
lemon

	
Citrus limonum

	
0.143% (v/v)




	
MCF-7

	
lemongrass

	
Cymbopogon citratus

	
0.28% (v/v)

	
[44]




	
citronella grass

	
Cymbopogon nardus

	
0.46% (v/v)




	
MCF-7

	
agarwood

	
Aquilaria spp.

	
44 μg/mL

	
[46]




	
MCF-7

	
ginger

	
Zingiber officinale

	
82.6 ± 3.2 μg/mL

	
[48]




	
MCF-7

	
tea tree

	
Melaleuca alternifolia

	
537 μg/mL

	
[49]




	
MCF-7

	
lemon

	
Citrus limon

	
10% (v/v)

	
[50]




	
MDA-MB-231

	
lavender

	
Lavandula stoechas

	
0.259 ± 0.089 μg/mL

	
[51]




	
MCF-7

	
basil

	
Ocimum basilicum

	
320.4 ± 23.2 µg/mL

	
[52]




	
MDA-MB-231

	
432.3 ± 32.2 µg/mL




	
MCF-7

	
thyme

	
Thymus vulgaris

	
52.65 μg/mL

	
[42]




	
MDA-MB-231

	
chamomile

	
Matricaria recutita

	
1.5 μg/mL

	
[53]










2.3. Limitations of EOs


Even though EOs possess a wide range of bioactivity, their use is limited by their volatility, hydrophobicity, and instability. EOs comprise about 95% volatile and 5% non-volatile constituents [56]. Occasionally, the volatile constituents are affected by many external variables. The quality of EOs may be impacted by environmental variables such as air, heat, and irradiation. In addition, EOs’ hydrophobicity has led to their insolubility in a water-based medium. Plant EOs are unstable due to their thermolability. They can readily oxidise or hydrolyse during processing and storage. When exposed to environmental stimuli, they are vulnerable to oxidation, chemical changes, or polymerisation [57]. For example, EOs obtained from citrus trees contain a high concentration of monoterpenes, particularly dextrolimonene. However, they oxidise on contact with air. When dextrolimonene reacts with oxygen in the air, a new constituent is produced, which poses adverse effects [58]. Park and co-workers conducted research on EOs from Kunzea ambigua. The EOs were stored under various settings to examine the changes in colour and chemical compositions. A significant colour variation was observed when the EOs of K. ambigua were stored at room temperature under a light. On the contrary, the colour of EOs stored at freezing temperature, under refrigeration, or under room temperature without light was more stable. The chemical composition of EOs was generally constant throughout storage at room temperature, under refrigeration, and at freezing temperature in the absence of light. However, the amount of germacrene D, β-caryophyllene, and α-humulene was found to decrease significantly in the EOs of K. ambigua when exposed to light, possibly due to isomerisation [59].





3. Nanoencapsulation


Nanoencapsulation is an emerging technique used to encapsulate bioactive constituents (the core material) inside secondary/wall materials (the matrix or shell) to produce nanocapsules [60]. It protects the bioactive constituents from light, heat, air, and moisture. Nanoencapsulation aids in minimising the evaporation of EOs and improving the delivery of bioactive constituents through controlled release. It converts liquid EOs into solid nanoencapsulated EOs and facilitates their applications [10]. The choice of an appropriate wall material is primordial in nanoencapsulation. Lecithin, legumin, gelatin, and albumin are among the proteins that are often employed as wall materials. They are naturally amphipathic, which makes them effective emulsifiers. Moreover, proteins are organic, environmentally friendly, and biodegradable. Bioactive components are also encapsulated in polysaccharides such as dextrin, starch, gums, CS, and alginates. Various wall materials have been used in research to encapsulate bioactive components to increase their bioactivity [61]. Figure 2 shows the nanoencapsulation of EOs with improved properties. For instance, it has been reported that the nanoencapsulation of eugenol with CS increased the antifungal and aflatoxin B1 inhibitory efficacy in stored rice [62]. Poly(lactide-co-glycolide) was used to nanoencapsulate bioactive Trachyspermum ammi seed EOs for possible use in the therapy of colon cancer. Based on the in vitro findings, the synthesised nanoencapsulated EO system triggered apoptosis by expressing apoptotic genes in human colon cancer cells [63].



3.1. Chitosan (CS)


CS is a naturally occurring polymer made up of N-acetyl-D-glucosamine and D-glucosamine units. It is the second most abundant polysaccharide in nature. In industrial settings, chitin undergoes deacetylation to form CS, wherein the acetamide group is converted into an amino group [64,65]. The resulting CS polymer may vary in length based on the conditions and parameters employed during the deacetylation process. CS typically exhibits molecular weights ranging from 300 to 1000 kDa, influenced by its degree of acetylation. Generally, CS is insoluble in water at neutral pH. However, the protonation of its free amino groups has made CS soluble in dilute acids. This pH-responsive solubility can be advantageous in drug delivery to specific regions of the body with varying pH levels. In addition, the number of amino groups present in CS may impact its mucoadhesion and transfection properties. This can enhance its residence time at the target site compared to other polymers, improving the overall efficiency of drug delivery [66]. Chitin, the precursor to CS, can be obtained from the exoskeletons of crustaceans and insects. CS is highly regarded as a safe and environmentally friendly material. It is non-toxic, biodegradable, and biocompatible. CS breaks down into non-toxic byproducts over time. This characteristic is advantageous in applications where the carrier needs to be gradually eliminated from the body. Owing to these distinctive attributes, CS is used in various applications such as pharmaceuticals, biomedicine, agriculture, and food [64,65]. The general properties of CS are listed in Table 2.



In biomedical and pharmaceutical applications, the selection of the right molecular weight, degree of acetylation, and purity of CS are vital. According to the European Pharmacopoeia, the acceptance criteria for impurities present in CS are as follows: total impurities/insoluble ≤ 0.5%; heavy metals ≤ 40 ppm; sulphated ash ≤ 1.0%; no tolerance on iron and protein. In this aspect, the presence of proteins is critical as it may affect the biological effects of immunity. On the contrary, a high quantity of ash may influence the dissolution and the preparation of efficient CS-based drug delivery systems [66]. However, CS is sensitive to humidity due to its hygroscopic nature. The formation of hydrogen bonding promotes the retention of water on CS and affects its mechanical properties. In addition, CS is reported to thermally degrade at ambient temperature. Thus, low-temperature conditions are suggested for its storage [69]. CS is known to possess anticancer, antimicrobial, antidiabetic, antioxidant, and anti-inflammatory properties [64]. The encapsulation of EOs using CS has been reported to enhance the drug nature after successful drug delivery. In addition, CS has attracted a great deal of attention in drug co-delivery, gene delivery, and tissue engineering [65].




3.2. EO-Loaded CS Nanoparticles


Owing to the favourable attributes of CS, it is widely used in the nanoencapsulation of EOs. Various methods have been employed to encapsulate EOs into CS nanoparticles (Figure 3). Among them, ionic gelation is an economical method for encapsulating plant EOs. The method is eco-friendly and does not require high temperatures. Ionic bonding between the negatively charged cross-linking agents and the positively charged CS is involved in the synthesis of nanoparticles using ionic gelation [70]. In addition, a cross-linking agent such as sodium tripolyphosphate (TPP) is often used in the synthesis due to its biocompatibility and biodegradability attributes [71]. For instance, the ionic gelation method was used in the synthesis of Cynometra cauliflora EO-loaded CS nanoparticles. It involved the dissolution of CS in a diluted acetic acid solution containing a surfactant. Subsequently, EOs were added into the CS–surfactant solution followed by TPP. The synthesis was carried out under continuous stirring to facilitate precipitation. The synthesised C. cauliflora EO-loaded CS nanoparticles have shown potent cytotoxic effects against human breast cancer MCF-7 cells with an IC50 ranging from 3.72 to 17.81 μg/mL after a 72 h incubation period. Meanwhile, they showed cytotoxic effects against human breast cancer MDA-MB-231 cells with an IC50 ranging from 16.24 to 17.65 μg/mL after 72 h of treatment. The observed cytotoxicity was significantly enhanced as compared to that of the free EOs of C. cauliflora [8].



Another method used for encapsulating reactive and sensitive constituents in a nanoscale setting is coacervation. This method is separated into aqueous (hydrophilic constituents) and organic (lipophilic constituents) phases. In coacervation, however, organic solvents are required. A single polymer is used in simple coacervation. On the contrary, the formation of a matrix enclosing the bioactive constituents from two colloids with opposite charges is required in complex coacervation. Both proteins and polysaccharides are often used as oppositely charged polymers [70]. Compared to other nanoencapsulation methods, coacervation can reach a payload of over 99%. Coacervation regulates the release of bioactive constituents depending on temperature and mechanical stress [72]. In a study by Bastos and co-workers, black pepper EOs were encapsulated utilising the coacervation method. The study showed that the core material retained more than 80% of the terpenes present in the EOs [73].



Nanoemulsion involves a combination of two immiscible liquids. It can be achieved by combining an EO’s dispersion phase with water’s dispersed medium to create an oil-in-water emulsion [74]. The size of the synthesised EO nanoparticles can range from 10 to 1000 nm. This method serves as a delivery vehicle for targeted mechanisms of action because of the tiny size of the droplets produced in the nanoemulsion. The bioavailability of EOs is increased by nanometric-sized particles and a high surface-to-volume ratio [75]. In nanoemulsion, both high-energy and low-energy processes are appropriate. High-speed homogenisation or high-intensity ultrasonication is used to create high-energy nanoemulsions. This is essential in controlling the zeta potential, retention, and particle size of the synthesised nanoencapsulated system. According to the literature, oil-in-water nanoemulsion was used to encapsulate EOs from cinnamon, rosemary, and oregano. Among the encapsulated EOs, oregano EO nanoemulsions exhibited significant biological effects owing to their smaller droplet size, high encapsulation efficiency, and low separation phase [76].



Spray drying is a simple, inexpensive, and versatile encapsulation method. It is used to enhance the stability of EO constituents that are heat- and light-sensitive. Three main phases are typically involved in spray drying. In experiments, the emulsification of EO constituents occurs in a polymeric solution. Then, the emulsion is homogenised and atomised into a drying medium. A stable matrix is produced as a result of the high temperature used in this method. This method results in better nanoparticle quality and yield. In addition, the synthesised nanoparticles have high solubility and stability [70].



EO-loaded CS nanoparticles are superior in controlled release, stability, and solubility. In numerous investigations, CS nanoparticles were used in the delivery of bioactive EOs [13]. For example, CS nanoparticles have been successfully loaded with the EOs of lemongrass and clove. The synthesised nanoparticles had nanometric size and spherical shape. In comparison to the free EOs, the EO-loaded CS nanoparticles displayed enhanced biological activity [77,78,79]. In a study conducted by Hesami and co-workers, greater celandine EOs were encapsulated with CS. The encapsulation improved the cytotoxicity of the EOs against human breast cancer cells. The synthesised nanoparticles strongly induced apoptosis in the cancer cells. Hence, CS-based nanoparticles loaded with EOs are a vital source for chemoprevention and cancer suppression [80].





4. Cytotoxic Actions of EO-Loaded CS Nanoparticles against Breast Cancer Cells


CS-based nanoparticles are desirable for delivering bioactive EO constituents in targeted cancer therapy. To deliver the specific bioactive constituents to the target site, the administered particles must be tiny to pass through the microvasculature of cancer cells. Nanoparticles with appropriate particle size can enhance drug penetration and uptake via the cell membrane [81]. In general, EO-loaded CS nanoparticles are able to circumvent immune surveillance and attain target specificity. They penetrate the intracellular space of cancer cells and elude entrapment within endosomes to release bioactive EOs [82]. The effective delivery of bioactive EOs to the intracellular environment is crucial for attaining therapeutic purposes. Occasionally, physical techniques are employed to forcibly transport nanoparticles across the plasma membrane, and the uptake of nanoparticles primarily depends on the inherent endocytic uptake mechanism of the cancer cells [83].



It was reported that EO-loaded CS nanoparticles are able to circulate in the bloodstream for a relatively long time and accumulate at the cancer cell site [66]. This can be achieved through the enhanced permeability and retention (EPR) effect. In regard to this, the physicochemical properties (particle size, surface charge, and shape) of nanoparticles play a vital role in determining the EPR effect. They affect the amount and kinetics of nanoparticle accumulation at the target site. The penetration of EO-loaded CS nanoparticles into the vasculature of cancer cells was believed to occur via a passive targeting mechanism that effectively regulates pharmacokinetics and enhances overall therapeutic efficacy [82]. In addition, EO-loaded CS nanoparticles may deliver the bioactive EO constituents in a site-specific manner while reducing toxicity [66]. The demonstrated cytotoxic effects on cancer cells depend on the type and concentration of EO constituents. They are often regarded as not genotoxic [84]. According to a recent study, bioactive EOs damaged the inner cell membranes and organelles in eukaryotic cells by acting as prooxidants [85]. It was hypothesised that EO constituents reduce the size of cancer cells. They induced the death of cancer cells via apoptosis, necrosis, cell cycle arrest, and disruption of cell organelles [41].



There are several processes that control the release of EOs from CS nanoparticles. These include polymer swelling, diffusion through the polymeric matrix, and erosion or degradation of the polymer. It was postulated that EO-loaded CS nanoparticles release the first burst of bioactive constituents as a result of the polymer swelling, the formation of pores, or the diffusion of the bioactive constituents from the polymer’s surface [69]. In a study by Shetta and co-workers, a two-stage release pattern from CS nanoparticles was observed. Peppermint and green tea EOs were encapsulated into CS nanoparticles with an average size of 20 to 60 nm. Under different pH levels, the in vitro results showed a two-stage release pattern from phosphate-buffered saline (PBS) and acetate buffers. The initial burst was noticed for up to 12 h, while the gradual release remained for 72 h. Additionally, the findings showed that the acetate buffer had a higher release rate than the PBS, with full release of 75%. The release kinetics for both buffers was studied and found to follow the Fickian model [86].



Various studies have been conducted to study the cytotoxic effects of EOs loaded with CS nanoparticles against breast cancer cells (Table 3). According to Onyebuchi and Kavaz, an Ocimum gratissimum EO encapsulated in CS nanoparticles decreased the viability of MDA-MB-231 cells to 37.44% as compared to the unencapsulated EOs. Blebbing of membrane in breast cancer cells was observed upon treatment with O. gratissimum EO-loaded CS nanoparticles, suggesting the occurrence of apoptosis [87]. In a previous study, Zataria multiflora EOs were reported to possess antiproliferative properties against breast cancer cells. The EOs of Z. multiflora induced the breakdown and oxidation of DNA strands without affecting non-cancerous cells [88]. Encapsulation with CS significantly enhanced the cytotoxic activity against MCF-7 and MDA-MB-231 cells in a dose-dependent manner, with IC50 values of 21.2 and 6.2 µg/mL, respectively. In cell morphological study, nanoencapsulated-EO-treated MDA-MB-231 cells showed a pronounced loss in cell membrane structure and a noticeable nuclear fragmentation. Further, the sub-G1 population mass was triggered in a fluorescence-activated cell sorting analysis. In evaluating the MDA-MB-231 cell death mode, the Z. multiflora EO-loaded CS nanoparticles exhibited early apoptosis with noticeable chromatin condensation and cell shrinkage. This caused cell accumulation in the G2/M phase, while cells in the G1 phase increased nominally. It was reported that Z. multiflora EO-loaded CS nanoparticles triggered the production of intracellular reactive oxygen species (ROS) in the mitochondria, which leads to apoptosis. The observed apoptosis might be due to the oxidation and breakdown of the DNA strands. Based on the findings, an intercalative binding to the DNA helix is observed, suggesting the DNA-binding and -damaging properties of the Z. multiflora EO-loaded CS nanoparticles [89]. Traditionally, EOs of Syzygium aromaticum are used to treat wounds and burns. It was reported that the EOs possess antibacterial, anti-inflammatory, antioxidant, and anticancer properties. The nanoencapsulation of S. aromaticum EOs using CS (IC50: 45.89 µg/mL) exhibited significantly enhanced cytotoxic effects against MCF-7 cells as compared to those of its unencapsulated EOs (IC50: 172.47 µg/mL) [90]. In a study conducted by Valizadeh et al. (2021), CS nanoparticles containing S. aromaticum EOs were studied against human breast cancer MDA-MB-468 cells. The nanoencapsulated EOs showed improved cytotoxicity (IC50: 177 µg/mL) when compared to unencapsulated EOs (IC50: 243 µg/mL) [91]. EOs from Citrus aurantium, Citrus limon, and Citrus sinensis are predominated by limonene. CS nanoparticles containing Citrus EOs were prepared using an ionic gelation method. The synthesised CS-nanoencapsulated Citrus EOs exhibited improved cytotoxic properties against cancerous MDA-MB-468 cells. Among the Citrus EOs, a nanoencapsulated C. sinensis EO demonstrated the most significant cytotoxicity against MDA-MB-468 cells with an IC50 value of 23.65 µg/mL [92]. In addition, CS nanoparticles loaded with Chelidonium majus have been evaluated for chemotherapeutic potential against breast cancer. The recorded IC50 values of the nanoencapsulated leaf and root EOs of C. majus against MCF-7 cells were 41.5 and 77.6 µg/mL, respectively. Based on the findings, a nanoencapsulated leaf EO of C. majus triggered early apoptosis of MCF-7 cells [80]. The literature revealed that Cinnamomum verum EOs possess antiproliferative properties against MCF-7, HeLa, and Raji cells. In a study conducted by Khoshnevisan and colleagues, CS nanoparticles containing C. verum EOs were synthesised. They exhibited cytotoxic properties against MDA-MB-468 cells, with an IC50 value of 112.35 μg/mL [93]. Previous research has demonstrated the promising anticancer properties of Curcuma longa EOs. It was noticed that the unencapsulated EOs did not exert significant cytotoxicity towards MDA-MB-231 and MCF-7 cells. Interestingly, an enhancement in cytotoxicity was observed for nanoencapsulated CS-loaded C. longa EOs against MDA-MB-231 (IC50: 99.11 µg/mL) and MCF-7 (IC50: 82.88 µg/mL) cells. It was postulated that the presence of the CD44 receptor in the MDA-MB-231 and MCF-7 cells plays a key role in the enhanced cytotoxicity. The structural similarity of CS with the natural ligand of the CD44 receptor may facilitate the binding of the nanoencapsulated EOs and promote endocytosis [94]. In a study conducted by Samling and co-workers, the leaf, twig, and fruit EOs of Cynometra cauliflora were nanoencapsulated using CS via ionic gelation method. It is worth noting that all nanoencapsulated EOs showed a pronounced enhancement in cytotoxicity against MCF-7 and MDA-MB-231 cells. Among them, the twig EO-loaded CS nanoparticles exhibited the lowest IC50 (3.72 µg/mL) against MCF-7 cells after 72 h of treatment. Furthermore, all the nanoencapsulated EOs showed no cytotoxicity against human breast non-cancerous MCF-10A cells [8]. In a recent study, Cinnamon cassia EOs were nanoencapsulated to enhance their cytotoxic effects against breast cancer cells. The nanoencapsulated EOs showed better cytotoxicity (IC50: 25.24 µg/mL) than unencapsulated EOs (IC50: 32.25 µg/mL) against MDA-MB-231 cells. It was postulated that the observed cytotoxic effects might be due to the cell membrane breakdown. The nanoencapsulated EOs of C. cassia inhibited the migration and invasion of MDA-MB-231 cells in a dose-dependent manner. In the analysis of ROS, superoxide dismutase (SOD), and malondialdehyde (MDA), the nanoencapsulated EOs showed an increase in ROS and MDA and a decrease in SOD. The intracellular reaction of ROS and peroxidation of lipids might be altered, leading to cell apoptosis. The nanoencapsulated EOs of C. cassia lowered the mitochondrial membrane potential and showed an increase in the JC-1 monomer level. They upregulated the expression of caspase-3 and AIF proteins, suggesting the occurrence of cellular apoptosis. In an in vivo study, an inhibition of tumour growth in mice transplanted with breast cancer cells was observed when the nanoencapsulated EOs were administered at a dose of 25 mg/kg. The occurrence of cell apoptosis induced by nanoencapsulated EOs was further confirmed with TUNEL staining with the detection of a significant number of brown apoptotic cells. The nanoencapsulated EOs decreased the expression of the Ki-67 protein, indicating their potential in inhibiting the proliferation of transplanted tumour cells [95].




5. Conclusions


EOs, characterised by a variety of volatile constituents with untapped medicinal potential, offer promising prospects for health. Due to the limitations of EOs in specific biomedical applications, this study emphasises the importance of employing nanodelivery with the biopolymer CS. Advances in nanotechnology provide benefits such as enhanced stability, solubility, bioavailability, and controlled release compared to free EOs. Notably, CS-based nanoencapsulated EOs have gained significant attention, becoming a focal point in the development of an alternative drug release system. This approach improves the release profiles of bioactive EOs and enhances selectivity for targeted cells, thereby increasing the effectiveness of EOs against breast cancer cells when embedded in a polymeric matrix. The synergy between nanotechnology and bioactive EOs has the potential to expand their applications in the pharmaceutical and biomedical fields beyond traditional uses. The exploration of CS-based nanoencapsulated EOs signifies a promising pathway with implications for further translation into clinical applications in the treatment of breast cancer.







Author Contributions


Conceptualisation, W.-N.T. and W.-Y.T.; resources, W.-N.T.; data curation, W.-N.T., B.A.S., W.-Y.T. and C.-R.L.; writing—original draft preparation, W.-N.T. and B.A.S.; writing—review and editing, W.-N.T., J.-W.L., N.J.-Y.C., S.R.Y., J.T. and S.R.; project administration, W.-N.T.; funding acquisition, W.-N.T. All authors have read and agreed to the published version of the manuscript.




Funding


The authors would like to acknowledge the Ministry of Higher Education Malaysia for the Fundamental Research Grant Scheme with Project Code FRGS/1/2023/STG01/USM/02/14 and The Royal Society of Chemistry for the RSC Research Fund Grant (R21-3154732300).




Institutional Review Board Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



WHO. Cancer. Available online: https://www.who.int/news-room/fact-sheets/detail/cancer/ (accessed on 17 December 2022).

	



Coughlin, S.S. Epidemiology of breast cancer in women. Adv. Exp. Med. Biol. 2019, 1152, 9–29. [Google Scholar] [CrossRef] [PubMed]

	



Nanayakkara, A.K.; Boucher, H.W.; Fowler, V.G., Jr.; Jezek, A.; Outterson, K.; Greenberg, D.E. Antibiotic resistance in the patient with cancer: Escalating challenges and paths forward. CA Cancer J. Clin. 2021, 71, 488–504. [Google Scholar] [CrossRef]

	



Elshafie, H.S.; Camele, I. An overview of the biological effects of some Mediterranean essential oils on human health. Biomed. Res. Int. 2017, 2017, 9268468. [Google Scholar] [CrossRef] [PubMed]

	



El-Tarabily, K.A.; El-Saadony, M.T.; Alagawany, M.; Arif, M.; Batiha, G.E.; Khafaga, A.F.; Elwan, H.A.M.; Elnesr, S.S.; E Abd El-Hack, M. Using essential oils to overcome bacterial biofilm formation and their antimicrobial resistance. Saudi J. Biol. Sci. 2021, 28, 5145–5156. [Google Scholar] [CrossRef] [PubMed]

	



Samling, B.A.; Assim, Z.; Tong, W.Y.; Leong, C.R.; Rashid, S.A.; Nik Mohamed Kamal, N.N.S.; Muhamad, M.; Tan, W.N. Cynometra cauliflora L.: An indigenous tropical fruit tree in Malaysia bearing essential oils and their biological activities. Arab J. Chem. 2021, 14, 103302. [Google Scholar] [CrossRef]

	



Rozman, N.A.S.; Tong, W.Y.; Tan, W.N.; Leong, C.R.; Md Yusof, F.A.; Sulaiman, B. Homalomena pineodora, a novel essential oil bearing plant and its antimicrobial activity against diabetic wound pathogens. J. Essent. Oil Bear. Plants 2018, 21, 963–971. [Google Scholar] [CrossRef]

	



Samling, B.A.; Assim, Z.; Tong, W.Y.; Leong, C.R.; Rashid, S.A.; Nik Mohamed Kamal, N.N.S.; Muhamad, M.; Tan, W.N. Cynometra cauliflora essential oils loaded-chitosan nanoparticles: Evaluations of their antioxidant, antimicrobial and cytotoxic activities. Int. J. Biol. Macromol. 2022, 210, 742–751. [Google Scholar] [CrossRef] [PubMed]

	



Guzmán, E.; Lucia, A. Essential oils and their individual components in cosmetic products. Cosmetics 2021, 8, 114. [Google Scholar] [CrossRef]

	



Reis, D.R.; Ambrosi, A.; Luccio, M.D. Encapsulated essential oils: A perspective in food preservation. Future Foods 2022, 5, 100126. [Google Scholar] [CrossRef]

	



Arabpoor, B.; Yousefi, S.; Weisany, W.; Ghasemlou, M. Multifunctional coating composed of Eryngium campestre L. essential oil encapsulated in nano-chitosan to prolong the shelf-life of fresh cherry fruits. Food Hydrocoll. 2021, 111, 106394. [Google Scholar] [CrossRef]

	



Nile, S.H.; Baskar, V.; Selvaraj, D.; Nile, A.; Xiao, J.; Kai, G. Nanotechnologies in food science: Applications, recent trends, and future perspectives. Nanomicro Lett. 2020, 12, 45. [Google Scholar] [CrossRef]

	



Dupuis, V.; Cerbu, C.; Witkowski, L.; Potarniche, A.V.; Timar, M.C.; Żychska, M.; Sabliov, C.M. Nanodelivery of essential oils as efficient tools against antimicrobial resistance: A review of the type and physical-chemical properties of the delivery systems and applications. Drug Deliv. 2022, 29, 1007–1024. [Google Scholar] [CrossRef]

	



Pateiro, M.; Gómez, B.; Munekata, P.E.S.; Barba, F.J.; Putnik, P.; Kovačević, D.B.; Lorenzo, J.M. Nanoencapsulation of promising bioactive compounds to improve their absorption, stability, functionality and the appearance of the final food products. Molecules 2021, 26, 1547. [Google Scholar] [CrossRef]

	



Falleh, H.; Ben Jemaa, M.; Saada, M.; Ksouri, R. Essential oils: A promising eco-friendly food preservative. Food Chem. 2020, 330, 127268. [Google Scholar] [CrossRef]

	



Lunz, K.; Stappen, I. Back to the roots-an overview of the chemical composition and bioactivity of selected root-essential oils. Molecules 2021, 26, 3155. [Google Scholar] [CrossRef]

	



Lee, S.H.; Kim, D.S.; Park, S.H.; Park, H. Phytochemistry and applications of Cinnamomum camphora essential oils. Molecules 2022, 27, 2695. [Google Scholar] [CrossRef] [PubMed]

	



Ouakouak, H.; Benarfa, A.; Messaoudi, M.; Begaa, S.; Sawicka, B.; Benchikha, N.; Simal-Gandara, J. Biological properties of essential oils from Thymus algeriensis Boiss. Plants 2021, 10, 786. [Google Scholar] [CrossRef] [PubMed]

	



Vianna, T.C.; Marinho, C.O.; Marangoni Júnior, L.; Ibrahim, S.A.; Vieira, R.P. Essential oils as additives in active starch-based food packaging films: A review. Int. J. Biol. Macromol. 2021, 182, 1803–1819. [Google Scholar] [CrossRef] [PubMed]

	



Prince Chidike Ezeorba, T.; Ikechukwu Chukwudozie, K.; Anthony Ezema, C.; Godwin Anaduaka, E.; John Nweze, E.; Sunday Okeke, E. Potentials for health and therapeutic benefits of garlic essential oils: Recent findings and future prospects. Pharmacol. Res. 2022, 3, 100075. [Google Scholar] [CrossRef]

	



Basavegowda, N.; Baek, K.-H. Synergistic antioxidant and antibacterial advantages of essential oils for food packaging applications. Biomolecules 2021, 11, 1267. [Google Scholar] [CrossRef] [PubMed]

	



Cimino, C.; Maurel, O.M.; Musumeci, T.; Bonaccorso, A.; Drago, F.; Souto, E.M.B.; Pignatello, R.; Carbone, C. Essential Oils: Pharmaceutical applications and encapsulation strategies into lipid-based delivery systems. Pharmaceutics 2021, 13, 327. [Google Scholar] [CrossRef]

	



da Silva, L.C.; Viganó, J.; de Souza Mesquita, L.M.; Dias, A.L.B.; de Souza, M.C.; Sanches, V.L.; Chaves, J.O.; Pizani, R.S.; Contieri, L.S.; Rostagno, M.A. Recent advances and trends in extraction techniques to recover polyphenols compounds from apple by-products. Food Chem. X 2021, 12, 100133. [Google Scholar] [CrossRef] [PubMed]

	



Ni, Z.-J.; Wang, X.; Shen, Y.; Thakur, K.; Han, J.; Zhang, J.-G.; Hu, F.; Wei, Z.-J. Recent updates on the chemistry, bioactivities, mode of action, and industrial applications of plant essential oils. Trends Food Sci. Technol. 2021, 110, 78–89. [Google Scholar] [CrossRef]

	



López-Hortas, L.; Rodríguez, P.; Díaz-Reinoso, B.; Gaspar, M.C.; de Sousa, H.C.; Braga, M.E.M.; Domínguez, H. Supercritical fluid extraction as a suitable technology to recover bioactive compounds from flowers. J. Supercrit. Fluids 2022, 188, 105652. [Google Scholar] [CrossRef]

	



Megawati; Fardhyanti, D.S.; Sediawan, W.B.; Hisyam, A. Kinetics of mace (Myristicae arillus) essential oil extraction using microwave assisted hydrodistillation: Effect of microwave power. Ind. Crops Prod. 2019, 131, 315–322. [Google Scholar] [CrossRef]

	



Tekin, K.; Akalın, M.K.; GulSeker, M. Ultrasound bath-assisted extraction of essential oils from clove using central composite design. Ind. Crops Prod. 2015, 77, 954–960. [Google Scholar] [CrossRef]

	



Lammari, N.; Louaer, O.; Meniai, A.H.; Elaissari, A. Encapsulation of essential oils via nanoprecipitation process: Overview, progress, challenges and prospects. Pharmaceutics 2020, 12, 431. [Google Scholar] [CrossRef]

	



Stevens, N.; Allred, K. Antidiabetic potential of volatile cinnamon oil: A review and exploration of mechanisms using in silico molecular docking simulations. Molecules 2022, 27, 853. [Google Scholar] [CrossRef]

	



Yeshi, K.; Wangchuk, P. Essential oils and their bioactive molecules in healthcare. In Herbal Biomolecules in Healthcare Applications; Mandal, S.C., Nayak, A.K., Dhara, A.K., Eds.; Academic Press: Cambridge, MA, USA, 2022; pp. 215–237. [Google Scholar] [CrossRef]

	



Fuentes, C.; Fuentes, A.; Barat, J.M.; Ruiz, M.J. Relevant essential oil components: A minireview on increasing applications and potential toxicity. Toxicol. Mech. Methods 2021, 31, 559–565. [Google Scholar] [CrossRef] [PubMed]

	



Sharmeen, J.B.; Mahomoodally, F.M.; Zengin, G.; Maggi, F. Essential oils as natural sources of fragrance compounds for cosmetics and cosmeceuticals. Molecules 2021, 26, 666. [Google Scholar] [CrossRef] [PubMed]

	



Ameh, S.J.; Obodozie-Ofoegbu, O. Essential oils as flavors in carbonated cola and citrus soft drinks. In Essential Oils in Food Preservation, Flavor and Safety; Preedy, V.R., Ed.; Academic Press: San Diego, CA, USA, 2016; pp. 111–121. [Google Scholar] [CrossRef]

	



Gholamipourfard, K.; Salehi, M.; Banchio, E. Mentha piperita phytochemicals in agriculture, food industry and medicine: Features and applications. S. Afr. J. Bot. 2021, 141, 183–195. [Google Scholar] [CrossRef]

	



Masyita, A.; Sari, R.M.; Astuti, A.D.; Yasir, B.; Rumata, N.R.; Emran, T.B.; Nainu, F.; Simal-Gandara, J. Terpenes and terpenoids as main bioactive compounds of essential oils, their roles in human health and potential application as natural food preservatives. Food Chem. X 2022, 13, 100217. [Google Scholar] [CrossRef] [PubMed]

	



Wani, A.R.; Yadav, K.; Khursheed, A.; Rather, M.A. An updated and comprehensive review of the antiviral potential of essential oils and their chemical constituents with special focus on their mechanism of action against various influenza and coronaviruses. Microb. Pathog. 2021, 152, 104620. [Google Scholar] [CrossRef] [PubMed]

	



Kashyap, N.; Kumari, A.; Raina, N.; Zakir, F.; Gupta, M. Prospects of essential oil loaded nanosystems for skincare. Phytomedicine Plus 2022, 2, 100198. [Google Scholar] [CrossRef]

	



Kang, A.; Lee, T.S. Secondary metabolism for isoprenoid-based biofuels. In Biotechnology for Biofuel Production and Optimization; Eckert, C.A., Trinh, C.T., Eds.; Elsevier: Amsterdam, The Netherlands, 2016; pp. 35–71. [Google Scholar] [CrossRef]

	



Pragadheesh, V.S.; Bisht, D.; Chanotiya, C.S. Terpenoids from essential oils. In Kirk-Othmer Encyclopedia of Chemical Technology; John Wiley & Sons: Hoboken, NJ, USA, 2020; pp. 1–22. [Google Scholar] [CrossRef]

	



Otles, S.; Özyurt, V.H. Biotransformation in the production of secondary metabolites. In Studies in Natural Products Chemistry; Atta-ur-Rahman, Ed.; Elsevier: Amsterdam, The Netherlands, 2021; Volume 68, pp. 435–457. [Google Scholar] [CrossRef]

	



Mansi, S.; Kamaljit, G.; Rupali, J.; Daizy, R.B.; Harminder, P.S.; Ravinder, K.K. Essential oils as anticancer agents: Potential role in malignancies, drug delivery mechanisms, and immune system enhancement. Biomed. Pharmacother. 2022, 146, 112514. [Google Scholar] [CrossRef]

	



Haris, N.; Fahir, B.; Emina, K.; Irma, G.; Elma, O.; Samija, M.; Bojana, M.; Kemal, D. Cytotoxicity screening of Thymus vulgaris L. essential oil in brine shrimp nauplii and cancer cell lines. Sci. Rep. 2021, 11, 13178. [Google Scholar] [CrossRef]

	



Zu, Y.; Yu, H.; Liang, L.; Fu, Y.; Efferth, T.; Liu, X.; Wu, N. Activities of ten essential oils towards Propionibacterium acnes and PC-3, A-549 and MCF-7 cancer cells. Molecules 2010, 15, 3200–3210. [Google Scholar] [CrossRef]

	



Stone, S.C.; Vasconcellos, F.A.; Lenardão, E.J.; do Amaral, R.C.; Jacob, R.G.; Leivas Leite, F.P. Evaluation of potential use of Cymbopogon sp. essential oils, (R)-citronellal and N-citronellylamine in cancer chemotherapy. Int. J. Appl. Res. Nat. Prod. 2013, 6, 11–15. [Google Scholar]

	



Kumoro, A.C.; Wardhani, D.H.; Retnowati, D.S.; Haryani, K. A brief review on the characteristics, extraction and potential industrial applications of citronella grass (Cymbopogon nardus) and lemongrass (Cymbopogon citratus) essential oils. IOP Conf. Ser. Mater. Sci. Eng. 2021, 1053, 012118. [Google Scholar] [CrossRef]

	



Hashim, Y.Z.; Phirdaous, A.; Azura, A. Screening of anticancer activity from agarwood essential oil. Pharmacogn. Res. 2014, 6, 191–194. [Google Scholar] [CrossRef]

	



Wang, M.R.; Li, W.; Luo, S.; Zhao, X.; Ma, C.H.; Liu, S.X. GC-MS study of the chemical components of different Aquilaria sinensis (Lour.) gilgorgans and agarwood from different Asian countries. Molecules 2018, 23, 2168. [Google Scholar] [CrossRef]

	



Lee, Y. Cytotoxicity evaluation of essential oil and its component from Zingiber officinale Roscoe. Toxicol. Res. 2016, 32, 225–230. [Google Scholar] [CrossRef]

	



Assmann, C.E.; Cadoná, F.C.; da Silva Rosa Bonadiman, B.; Dornelles, E.B.; Trevisan, G.; da Cruz, I.B.M. Tea tree oil presents in vitro antitumor activity on breast cancer cells without cytotoxic effects on fibroblasts and on peripheral blood mononuclear cells. Biomed. Pharmacother. 2018, 103, 1253–1261. [Google Scholar] [CrossRef]

	



Ashmawy, A.; Mostafa, N.; Eldahshan, O. GC/MS analysis and molecular profiling of lemon volatile oil against breast cancer. J. Essent. Oil Bear. Plants 2019, 22, 903–916. [Google Scholar] [CrossRef]

	



Boukhatem, M.N.; Sudha, T.; Darwish, N.H.E.; Chader, H.; Belkadi, A.; Rajabi, M.; Houche, A.; Benkebailli, F.; Oudjida, F.; Mousa, S.A. A new eucalyptol-rich lavender (Lavandula stoechas L.) essential oil: Emerging potential for therapy against inflammation and cancer. Molecules 2020, 25, 3671. [Google Scholar] [CrossRef] [PubMed]

	



Aburjai, T.A.; Mansi, K.; Azzam, H.; Alqudah, D.A.; Alshaer, W.; Abuirjei, M. Chemical compositions and anticancer potential of essential oil from greenhouse-cultivated Ocimum basilicum leaves. Indian J. Pharm. Sci. 2020, 82, 178–183. [Google Scholar] [CrossRef]

	



An, Z.; Feng, X.; Sun, M.; Wang, Y.; Wang, H.; Gong, Y. Chamomile essential oil: Chemical constituents and antitumor activity in MDA-MB-231 cells through PI3K/Akt/mTOR signaling pathway. Chem. Biodivers. 2023, 20, e202200523. [Google Scholar] [CrossRef]

	



Tan, W.; Shahbudin, F.N.; Kamal, N.N.S.N.M.; Tong, W.Y.; Leong, C.R.; Lim, J. Volatile constituents of the leaf essential oil of Crinum asiaticum and their antimicrobial and cytotoxic activities. J. Essent. Oil Bear. Plants 2019, 22, 947–954. [Google Scholar] [CrossRef]

	



Tan, W.; Tong, W.Y.; Leong, C.R.; Kamal, N.N.S.N.M.; Muhamad, M.; Lim, J.; Khairuddean, M.; Man, M.B.H. Chemical composition of essential oil of Garcinia gummi-gutta and its antimicrobial and cytotoxic activities. J. Essent. Oil Bear. Plants 2020, 23, 832–842. [Google Scholar] [CrossRef]

	



Wissal, D.; Sana, B.; Sabrine, J.; Nada, B.; Wissem, M. Essential oils’ chemical characterization and investigation of some biological activities: A critical review. Medicines 2016, 3, 25. [Google Scholar] [CrossRef]

	



Turek, C.; Stintzing, F.C. Impact of different storage conditions on the quality of selected essential oils. Food Res. Int. 2012, 46, 341–353. [Google Scholar] [CrossRef]

	



Zhu, Y.; Li, C.; Cui, H.; Lin, L. Encapsulation strategies to enhance the antibacterial properties of essential oils in food system. Food Control 2021, 123, 107856. [Google Scholar] [CrossRef]

	



Park, C.; Garland, S.M.; Close, D.C. The influence of temperature, light, and storage period on the colour and chemical profile of Kunzea essential oil (Kunzea ambigua (Sm.) Druce). J. Appl. Res. Med. Aromat. Plants 2022, 30, 100383. [Google Scholar] [CrossRef]

	



Tiwari, S.; Dubey, N.K. Nanoencapsulated essential oils as novel green preservatives against fungal and mycotoxin contamination of food commodities. Curr. Opin. Food Sci. 2022, 45, 100831. [Google Scholar] [CrossRef]

	



Prakash, B.; Kujur, A.; Yadav, A.; Kumar, A.; Singh, P.P.; Dubey, N.K. Nanoencapsulation: An efficient technology to boost the antimicrobial potential of plant essential oils in food system. Food Control 2018, 89, 1–11. [Google Scholar] [CrossRef]

	



Das, S.; Singh, V.K.; Dwivedy, A.K.; Chaudhari, A.K.; Deepika, K.; Dubey, N.K. Eugenol loaded chitosan nanoemulsion for food protection and inhibition of Aflatoxin B1 synthesizing genes based on molecular docking. Carbohydr. Polym. 2021, 255, 117339. [Google Scholar] [CrossRef] [PubMed]

	



Almnhawy, M.; Jebur, M.; Alhajamee, M.; Marai, K.; Tabrizi, M.H. PLGA-based nano-encapsulation of Trachyspermum ammi seed essential oil (TSEO-PNP) as a safe, natural, efficient, anticancer compound in human HT-29 colon cancer cell line. Nutr. Cancer 2021, 73, 2808–2820. [Google Scholar] [CrossRef]

	



Sánchez-Machado, D.I.; López-Cervantes, J.; Correa-Murrieta, M.A.; Sánchez-Duarte, R.G.; Cruz-Flores, P.; de la Mora-López, G.S. Chitosan. In Nonvitamin and Nonmineral Nutritional Supplements; Nabavi, S.M., Silva, A.S., Eds.; Academic Press: New York, NY, USA, 2019; pp. 485–493. [Google Scholar] [CrossRef]

	



Zhang, F.; Ramachandran, G.; Mothana, R.A.; Noman, O.M.; Alobaid, W.A.; Rajivgandhi, G.; Manoharan, N. Anti-bacterial activity of chitosan loaded plant essential oil against multi drug resistant K. pneumonia. Saudi J. Biol. Sci. 2020, 27, 3449–3455. [Google Scholar] [CrossRef]

	



Sharifi-Rad, J.; Quispe, C.; Butnariu, M.; Rotariu, L.S.; Sytar, O.; Sestito, S.; Rapposelli, S.; Akram, M.; Iqbal, M.; Krishna, A.; et al. Chitosan nanoparticles as a promising tool in nanomedicine with particular emphasis on oncological treatment. Cancer Cell Int. 2021, 21, 318. [Google Scholar] [CrossRef]

	



Raza, Z.A.; Khalil, S.; Ayub, A.; Banat, I.M. Recent developments in chitosan encapsulation of various active ingredients for multifunctional applications. Carbohydr. Res. 2020, 492, 108004. [Google Scholar] [CrossRef]

	



Gonçalves, C.; Ferreira, N.; Lourenço, L. Production of low molecular weight chitosan and chitooligosaccharides (COS): A review. Polymers 2021, 13, 2466. [Google Scholar] [CrossRef] [PubMed]

	



Mohammed, M.A.; Syeda, J.T.M.; Wasan, K.M.; Wasan, E.K. An overview of chitosan nanoparticles and its application in non-parenteral drug delivery. Pharmaceutics 2017, 9, 53. [Google Scholar] [CrossRef] [PubMed]

	



Chaudhari, A.K.; Singh, V.K.; Das, S.; Dubey, N.K. Nanoencapsulation of essential oils and their bioactive constituents: A novel strategy to control mycotoxin contamination in food system. Food Chem. Toxicol. 2021, 149, 112019. [Google Scholar] [CrossRef] [PubMed]

	



Rizeq, B.R.; Younes, N.N.; Rasool, K.; Nasrallah, G.K. Synthesis, bio-applications, and toxicity evaluation of chitosan-based nanoparticles. Int. J. Mol. Sci. 2019, 20, 5776. [Google Scholar] [CrossRef] [PubMed]

	



Maqsoudlou, A.; Assadpour, E.; Mohebodini, H.; Jafari, S.M. Improving the efficiency of natural antioxidant compounds via different nanocarriers. Adv. Colloid Interface Sci. 2020, 278, 102112. [Google Scholar] [CrossRef] [PubMed]

	



Bastos, L.P.H.; Vicente, J.; dos Santos, C.H.C.; de Carvalho, M.G.; Garcia-Rojas, E.E. Encapsulation of black pepper (Piper nigrum L.) essential oil with gelatin and sodium alginate by complex coacervation. Food Hydrocoll. 2020, 102, 105605. [Google Scholar] [CrossRef]

	



Espitia, P.J.; Fuenmayor, C.A.; Otoni, C.G. Nanoemulsions: Synthesis, characterization, and application in bio-based active food packaging. Compr. Rev. Food Sci. Food Saf. 2019, 18, 264–285. [Google Scholar] [CrossRef] [PubMed]

	



Das, S.; Singh, V.K.; Dwivedy, A.K.; Chaudhari, A.K.; Upadhyay, N.; Singh, A.; Dubey, N.K. Fabrication, characterization and practical efficacy of Myristica fragrans essential oil nanoemulsion delivery system against postharvest biodeterioration. Ecotoxicol. Environ. Saf. 2020, 189, 110000. [Google Scholar] [CrossRef]

	



Dávila-Rodríguez, M.; López-Malo, A.; Palou, E.; Ramírez-Corona, N.; Jiménez-Munguía, M.T. Antimicrobial activity of nanoemulsions of cinnamon, rosemary, and oregano essential oils on fresh celery. LWT-Food Sci. Technol. 2019, 112, 108247. [Google Scholar] [CrossRef]

	



López-Meneses, A.K.; Plascencia-Jatomea, M.; Lizardi-Mendoza, J.; Fernández-Quiroz, D.; Rodríguez-Félix, F.; Mouriño-Pérez, R.R.; Cortez-Rocha, M.O. Schinus molle L. essential oil-loaded chitosan nanoparticles: Preparation, characterization, antifungal and anti-aflatoxigenic properties. LWT-Food Sci. Technol. 2018, 96, 597–603. [Google Scholar] [CrossRef]

	



Hadidi, M.; Pouramin, S.; Adinepour, F.; Haghani, S.; Jafari, S.M. Chitosan nanoparticles loaded with clove essential oil: Characterization, antioxidant and antibacterial activities. Carbohydr. Polym. 2020, 236, 116075. [Google Scholar] [CrossRef] [PubMed]

	



Soltanzadeh, M.; Peighambardoust, S.H.; Ghanbarzadeh, B.; Mohammadi, M.; Lorenzo, J.M. Chitosan nanoparticles encapsulating lemongrass (Cymbopogon commutatus) essential oil: Physicochemical, structural, antimicrobial and in-vitro release properties. Int. J. Biol. Macromol. 2021, 192, 1084–1097. [Google Scholar] [CrossRef]

	



Hesami, S.; Safi, S.; Larijani, K.; Badi, H.N.; Abdossi, V.; Hadidi, M. Synthesis and characterization of chitosan nanoparticles loaded with greater celandine (Chelidonium majus L.) essential oil as an anticancer agent on MCF-7 cell line. Int. J. Biol. Macromol. 2022, 194, 974–981. [Google Scholar] [CrossRef]

	



Wang, G.; Li, R.; Parseh, B.; Du, G. Prospects and challenges of anticancer agents’ delivery via chitosan-based drug carriers to combat breast cancer: A review. Carbohydr. Polym. 2021, 268, 118192. [Google Scholar] [CrossRef] [PubMed]

	



Herdiana, Y.; Wathoni, N.; Shamsuddin, S.; Joni, I.M.; Muchtaridi, M. Chitosan-based nanoparticles of targeted drug delivery system in breast cancer treatment. Polymers 2021, 13, 1717. [Google Scholar] [CrossRef] [PubMed]

	



Martens, T.F.; Remaut, K.; Demeester, J.; De Smedt, S.C.; Braeckmans, K. Intracellular delivery of nanomaterials: How to catch endosomal escape in the act. Nano Today 2014, 9, 344–364. [Google Scholar] [CrossRef]

	



Russo, R.; Corasaniti, M.T.; Bagetta, G.; Morrone, L.A. Exploitation of cytotoxicity of some essential oils for translation in cancer therapy. Evid. Based Complement. Altern. Med. 2015, 2015, 397821. [Google Scholar] [CrossRef]

	



Ahn, C.; Lee, J.H.; Park, M.J.; Kim, J.W.; Yang, J.; Yoo, Y.M.; Jeung, E.B. Cytostatic effects of plant essential oils on human skin and lung cells. Exp. Ther. Med. 2020, 19, 2008–2018. [Google Scholar] [CrossRef]

	



Shetta, A.; Kegere, J.; Mamdouh, W. Comparative study of encapsulated peppermint and green tea essential oils in chitosan nanoparticles: Encapsulation, thermal stability, in-vitro release, antioxidant and antibacterial activities. Int. J. Biol. Macromol. 2019, 126, 731–742. [Google Scholar] [CrossRef]

	



Onyebuchi, C.; Kavaz, D. Chitosan and N, N, N-trimethyl chitosan nanoparticle encapsulation of Ocimum gratissimum essential oil: Optimised synthesis, in vitro release and bioactivity. Int. J. Nanomed. 2019, 14, 7707–7727. [Google Scholar] [CrossRef]

	



Salehi, F.; Behboudi, H.; Kavoosi, G.; Ardestani, S.K. Monitoring ZEO apoptotic potential in 2D and 3D cell cultures and associated spectroscopic evidence on mode of interaction with DNA. Sci. Rep. 2017, 7, 2533. [Google Scholar] [CrossRef] [PubMed]

	



Salehi, F.; Behboudi, H.; Kavoosi, G.; Ardestani, S.K. Incorporation of Zataria multiflora essential oil into chitosan biopolymer nanoparticles: A nanoemulsion based delivery system to improve the in-vitro efficacy, stability and anticancer activity of ZEO against breast cancer cells. Int. J. Biol. Macromol. 2020, 143, 382–392. [Google Scholar] [CrossRef] [PubMed]

	



Kamal, I.; Khedr, A.I.M.; Alfaifi, M.Y.; Elbehairi, S.E.I.; Elshaarawy, R.F.M.; Saad, A.S. Chemotherapeutic and chemopreventive potentials of p-coumaric acid–squid chitosan nanogel loaded with Syzygium aromaticum essential oil. Int. J. Biol. Macromol. 2021, 188, 523–533. [Google Scholar] [CrossRef] [PubMed]

	



Valizadeh, A.; Khaleghi, A.A.; Alipanah, H.; Zarenezhad, E.; Osanloo, M. Anticarcinogenic effect of chitosan nanoparticles containing Syzygium aromaticum essential oil or eugenol toward breast and skin cancer cell lines. BioNanoScience 2021, 11, 678–686. [Google Scholar] [CrossRef]

	



Alipanah, H.; Farjam, M.; Zarenezhad, E.; Roozitalab, G.; Osanloo, M. Chitosan nanoparticles containing limonene and limonene-rich essential oils: Potential phytotherapy agents for the treatment of melanoma and breast cancers. BMC Complement. Med. Ther. 2021, 21, 186. [Google Scholar] [CrossRef]

	



Khoshnevisan, K.; Alipanah, H.; Baharifar, H.; Ranjbar, N.; Osanloo, M. Chitosan nanoparticles containing Cinnamomum verum J.Presl essential oil and cinnamaldehyde: Preparation, characterization and anticancer effects against melanoma and breast cancer cells. Tradit. Integr. Med. 2022, 7, 1. [Google Scholar] [CrossRef]

	



San, H.H.M.; Alcantara, K.P.; Bulatao, B.P.I.; Chaichompoo, W.; Nalinratana, N.; Suksamrarn, A.; Vajragupta, O.; Rojsitthisak, P.; Rojsitthisak, P. Development of turmeric oil—Loaded chitosan/alginate nanocapsules for cytotoxicity enhancement against breast cancer. Polymers 2022, 14, 1835. [Google Scholar] [CrossRef] [PubMed]

	



Xu, X.; Li, Q.; Dong, W.; Zhao, G.; Lu, Y.; Huang, X.; Liang, X. Cinnamon cassia oil chitosan nanoparticles: Physicochemical properties and anti-breast cancer activity. Int. J. Biol. Macromol. 2023, 224, 1065–1078. [Google Scholar] [CrossRef] [PubMed]








[image: Polymers 16 00478 g001] 





Figure 1. Chemical structures of common EO constituents. 
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Figure 2. Nanoencapsulation of EOs with improved properties. 
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Figure 3. Various methods used to encapsulate EOs into CS nanoparticles. 
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Table 2. General properties of CS.






Table 2. General properties of CS.





	Property
	Description
	Reference





	Appearance
	Semicrystalline of white or slightly yellow
	[64]



	Solubility
	Soluble in diluted acid below pH 6.0. Insoluble in water and organic solvents
	[67]



	Molecular weight (Mw)
	Low Mw: <100 kDa

Medium Mw: 100 to 1000 kDa

High Mw: >1000 kDa
	[68]










 





Table 3. Cytotoxic effects of CS-based nanoencapsulated EOs against breast cancer cells.
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Breast Cancer Cells

	
EOs

	
Plant Parts

	
Cell Viability/IC50

	
Reference






	
MDA-MB-231

	
Ocimum gratissimum

	
Leaf

	
Unencapsulated: 44.25%

	
[87]




	
Nanoencapsulated: 37.44%




	
MDA-MB-231

	
Zataria multiflora

	
Aerial

	
Unencapsulated: 30.5 µg/mL

	
[89]




	
Nanoencapsulated: 6.2 µg/mL




	
MCF-7

	
Unencapsulated: 33.1 µg/mL




	
Nanoencapsulated: 21.2 µg/mL




	
MCF-7

	
Syzygium aromaticum

	
Bud

	
Unencapsulated: 172.47 µg/mL

	
[90]




	
Nanoencapsulated: 45.89 µg/mL




	
MDA-MB-468

	
Syzygium aromaticum

	
-

	
Unencapsulated: 243 µg/mL

	
[91]




	
Nanoencapsulated: 177 µg/mL




	
MDA-MB-468

	
Citrus aurantium

	
-

	
Unencapsulated: 2037.53 µg/mL

	
[92]




	
Nanoencapsulated: 240.44 µg/mL




	
Citrus limon

	
-

	
Unencapsulated: 137.03 µg/mL




	
Nanoencapsulated: 40.32 µg/mL




	
Citrus

sinensis

	
-

	
Unencapsulated: 168.00 µg/mL




	
Nanoencapsulated: 23.65 µg/mL




	
MCF-7

	
Chelidonium majus L.

	
Leaf

	
Unencapsulated: 90.2 µg/mL

	
[80]




	
Nanoencapsulated: 41.5 µg/mL




	
Root

	
Unencapsulated: 126.4 µg/mL




	
Nanoencapsulated: 77.6 µg/mL




	
MDA-MB-468

	
Cinnamomum verum

	
-

	
Unencapsulated: -

	
[93]




	
Nanoencapsulated: 112.35 µg/mL




	
MDA-MB-231

	
Curcuma longa

	
-

	
Unencapsulated: 329.53 µg/mL

	
[94]




	
Nanoencapsulated: 99.11 µg/mL




	
MCF-7

	
Unencapsulated: 344.60 µg/mL




	
Nanoencapsulated: 82.88 µg/mL




	
MCF-7

	
Cynometra cauliflora

	
Twig

	
Unencapsulated: NS

	
[8]




	
Nanoencapsulated: 7.69 µg/mL




	
Fruit

	
Unencapsulated: NS




	
Nanoencapsulated: 17.81 µg/mL




	
Leaf

	
Unencapsulated: NS




	
Nanoencapsulated: 3.72 µg/mL




	
MDA-MB-231

	
Twig

	
Unencapsulated: NS




	
Nanoencapsulated: 16.24 µg/mL




	
Fruit

	
Unencapsulated: NS




	
Nanoencapsulated: 17.65 µg/mL




	
Leaf

	
Unencapsulated: NS




	
Nanoencapsulated: 16.48 µg/mL




	
MDA-MB-231

	
Cinnamon cassia

	
-

	
Unencapsulated: 32.25 µg/mL

	
[95]




	
Nanoencapsulated: 25.24 µg/mL








Note: NS = not significant.
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