
Edited by

Chemistry of 
Essential Oils and 
Food Flavours

Ian Southwell and Oscar Núñez
Printed Edition of the Special Issue Published in Foods

www.mdpi.com/journal/foods



Chemistry of Essential Oils and Food
Flavours





Chemistry of Essential Oils and Food
Flavours

Editors

Ian Southwell

Oscar Núñez

MDPI • Basel • Beijing • Wuhan • Barcelona • Belgrade • Manchester • Tokyo • Cluj • Tianjin



Editors

Ian Southwell

Southern Cross University

Australia

Oscar Núñez
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Preface to ”Chemistry of Essential Oils and Food

Flavours”

Essential oils have important functions in nature. In addition to serving important functions

in nature, essential oils are used commercially as in flavours, fragrances and healthcare products.

Their properties present a challenge with respect to investigating their chemical structure, function,

bioactivity, analysis and commercialization as value-added products. Analytical techniques for the

investigation of essential oil chemistry are forever changing. The sophistication, adulteration or

imitation of natural products is becoming difficult to detect, as the perpetrators of such adulterations

also use modern techniques. Consequently, an understanding of the chemistry of essential oils that

keeps abreast with the latest in instrumental and computational developments is paramount.

Thus, the objective of this Special Issue is to broadcast the latest advances in essential oil

discoveries with respect to oil chemistry, methodology, instrumentation, bioactivity, chemical ecology,

biosynthesis and authentication, especially in relation to foods.

Ian Southwell and Oscar Núñez

Editors
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Editorial for the Special Issue, “Chemistry of Essential Oils and
Food Flavours”
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Av. Prat de la Riba 171, Edifici de Recerca (Gaudí), Santa Coloma de Gramenet, E-08921 Barcelona, Spain

* Correspondence: ian.southwell@scu.edu.au

Essential oils have important functions in nature. In addition, they are used commer-
cially in categories such as flavors, fragrances, and health-care products. Their properties
present a challenge when investigating their chemical composition, function, bioactivity,
analysis, and commercialization as value-added products. Analytical techniques for the
investigation of essential oil chemistry are continuously evolving. The sophistication, adul-
teration, or imitation of natural products is becoming difficult to detect as the perpetrators
employ modern techniques. Consequently, an understanding of the chemistry of essen-
tial oils that keeps abreast with current instrumental and computational developments
is paramount.

Thus, the objective of this Special Issue is to broadcast some of the latest progress in
essential oil discoveries concerning oil chemistry, methodology, instrumentation, bioactivity,
chemical ecology, biosynthesis, and authentication, especially regarding foods.

This Special Issue will be useful for all readers in terms of the novel information it
provides on the chemistry of essential oils and food flavors.

The special issue includes five Research Articles and two Reviews, which are briefly
described as follows:

(1) Rosmarinus officinalis L. (also known as Salvia rosmarinus Schleid) and Lavandula angustifolia
Mill. belong to the Lamiaceae family, which comprises different genera whose bio-
logical activities are used in traditional medicines worldwide. R. officinalis has many
different uses; its volatile essential oil (EO) and leaf extracts possess extensively stud-
ied biological properties, such as antioxidant, anti-inflammatory, antiproliferative,
anticancer, and antiviral, among others. R. officinalis was investigated for its curative
properties against ailments caused by biochemical, chemical, or biological agents.
Garzoli et al. [1], in the study “Headspace/GC–MS Analysis and Investigation of
Antibacterial, Antioxidant and Cytotoxic Activity of Essential Oils and Hydrolates
from Rosmarinus officinalis L. and Lavandula angustifolia Miller”, described the chemical
composition and biological activities of these essential oils and their hydrolates. They
are rich in bioactive molecules and have potential applications in various fields, in-
cluding foods and beverages. Although the oils of these species have been thoroughly
examined over the years, less is known about their headspace/GC–MS analysis,
especially regarding hydrolates.

(2) Furocoumarins (FCs) are secondary plant metabolites produced in response to damage
by pests and other stressful challenges. Among Rutaceae species, FCs are charac-
teristic compounds of citrus peel. FCs are found in citrus fruits together with poly-
methoxyflavones (PMFs) and coumarins (Cs); the latter are also contained in several
spices, particularly cinnamon. These chemicals have been extensively investigated for
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their wide range of biological activities, making them interesting nutraceuticals for
dietary supplements. Arigò et al. [2], in the study “Dietary Intake of Coumarins and
Furocoumarins through Citrus Beverages: A Detailed Estimation by an HPLC-MS/MS
Method Combined with the Linear Retention Index System”, quantified 35 oxygen
heterocyclic compounds (FCs, PMFs, and Cs) in various drinks to obtain informative
data useful for the regulatory authorities for the establishment of official limits.

(3) Terpenes are naturally occurring compounds produced by plants that are of great
commercial interest in the food, agricultural, cosmetic, and pharmaceutical industries
due to their broad spectra of antibacterial, antifungal, anthelmintic, membrane perme-
ation enhancement, and antioxidant biological activities. However, their applications
are often limited by their volatility and the requirement for surfactants to produce
stable and soluble products. Soto et al. [3], in the study “Yeast Particle Encapsulation
of Scaffolded Terpene Compounds for Controlled Terpene Release”, reported the de-
velopment of a second generation of yeast particle-encapsulated terpene technology
that incorporates the stimuli-responsive control of terpene release. Hence the use of
biodegradable pro-terpene compounds enabled higher encapsulation stability whilst
retaining the full biological activity of the parent terpene compound.

(4) Lemon essential oil (LEO) is a well-known flavoring agent with versatile biological
activities. The main components of LEO are represented by monoterpenoids, being a
complex mixture of limonene, γ-terpinene, citral, linalool, β-caryophyllene, α-pinene,
and β-pinene, exhibiting anti-inflammatory and antioxidant effects. Pucci et al. [4], in
the study “Biological Properties of a Citral-Enriched Fraction of Citrus limon Essential
Oil”, isolated and characterized four citral-enriched fractions of winter LEO. Overall,
the reported results encourage the application of EO fractions, enriched in citral, in
the nutraceutical industry, not only for their organoleptic properties but also for their
protective action against inflammation and oxidative stress.

(5) Although essential oils have a long history of use in medicinal plant, fragrance, and
flavour applications, their potential human application is only now being explored.
For example, Mastiha essential oil, rich in myrcene, α-pinene, and β-pinene, is ob-
tained from water distillation of the resin of Pistacia lentiscus and has a commercial
value not only as an aromatic resin but also as a medicinal plant [5]. Papada et al. [6]
in the study “An Absorption and Plasma Kinetics Study of Monoterpenes Present in
Mastiha Oil in Humans” identify and quantify these bioactive monoterpenes in the
plasma following the acute consumption of this Mediterranean essential oil. This is
the first study showing the bioavailability of this oil in the plasma as soon as 30 min
after consumption.

(6) Conventional pesticides present several problems. An increasing global population
has increased the use of pesticides in agriculture [7]. This overuse has led to serious
health and ecological issues. Also, the problem is compounded by increasing insec-
ticide and fungicide resistance. There is a movement to use more ‘nature-friendly’
bioactive compounds present in natural products. Plant-derived essential oils with in-
secticidal, fungicidal, and bacteriocidal activity fall into this category. Certain essential
oils can enhance the action of commercially available pesticides. Dassanayake et al. [8]
have completed a comprehensive review entitled “Synergistic Field Crop Pest Man-
agement Properties of Plant-Derived Essential Oils in Combination with Synthetic
Pesticides and Bioactive Molecules: A Review”. These authors review: the historical
background and development of natural products in agriculture; the sources and
chemical composition of plant-derived essential oils; pesticidal and fungicidal action
mechanisms; synergistic and hybridized insect pest management products; synergistic
and hybridized fungicidal activity; and novel developments.

(7) Lemon oils are one of the most prominent essential oils traded and consumed today.
Thus far, knowledge of a more obscure source, Backhousia citriodora (BC), has been lim-
ited. Southwell [9] presents a timely and comprehensive review entitled “Backhousia
citriodora F. Muell. (Lemon Myrtle), an Unrivalled Source of Citral.” In this allegedly
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unrivalled source of lemon constituents, details of the taxonomy, etymology, habit,
distribution, chemotypes, agronomy, uses, essential oil, oil chemistry, plant bioactiv-
ity, toxicology, standards, and commerce are examined. BC is compared with other
sources of lemon constituents to determine its superiority. The plant’s applications for
flavour, fragrance, and health care are highlighted. The work also studies the plant’s
chemistry and its use for determining authenticity via Australian and International
standardisation [10,11]. Health-care investigations on both the oil and extract are
outlined, and its safety and toxicology (e.g. GRAS status) are highlighted. It also
attempts to summarise the current commercial situation regarding production, value,
and markets [12].

Author Contributions: I.S. and O.N., writing. All authors have read and agreed to the published
version of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: The management of insect pests and fungal diseases that cause damage to crops has
become challenging due to the rise of pesticide and fungicide resistance. The recent developments
in studies related to plant-derived essential oil products has led to the discovery of a range of
phytochemicals with the potential to combat pesticide and fungicide resistance. This review paper
summarizes and interprets the findings of experimental work based on plant-based essential oils in
combination with existing pesticidal and fungicidal agents and novel bioactive natural and synthetic
molecules against the insect pests and fungi responsible for the damage of crops. The insect mortality
rate and fractional inhibitory concentration were used to evaluate the insecticidal and fungicidal
activities of essential oil synergists against crop-associated pests. A number of studies have revealed
that plant-derived essential oils are capable of enhancing the insect mortality rate and reducing
the minimum inhibitory concentration of commercially available pesticides, fungicides and other
bioactive molecules. Considering these facts, plant-derived essential oils represent a valuable and
novel source of bioactive compounds with potent synergism to modulate crop-associated insect pests
and phytopathogenic fungi.

Keywords: phytochemicals; synergism; essential oils; fractional inhibitory concentration; insect
mortality rate; phytopathogenic fungi; insect pests; pesticide resistance; fungicide resistance

1. Introduction

The demand for the production of crops is rising due to the increasing global popula-
tion, which may exceed 35% by 2050 [1]. This has led to a 15–20-fold use of pesticides in
order to enhance the availability of crop yields across the globe [2]. Pesticides are chemical
agents that are either synthetically made or naturally occurring, which can be classified as
insecticides, fungicides, herbicides, nematicides, rodenticides, etc. Approximately, 2 million
metric tons of pesticides are used in agriculture across the globe annually, where countries
like China, the USA and Argentina are the major contributors towards pesticide use, and
it has been estimated that annual pesticide usage will soon increase up to 3.5 million
metric tons worldwide [3]. It has been reported that around 47.5% of herbicides, 29.5%
of insecticides, 17.5% of fungicides and the remaining 5.5% of other pest management
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agents account for all pesticides used worldwide [4]. However, the overuse of synthetic
pesticides has led to serious health and ecological hazards, such as the increased risk of
cancers, as well as cardiovascular, neurological, endocrine-related health issues and the
potential damage done to non-target animals and plants that exist within the parameters of
the agent applied [5]. For example, workers who were handling pesticides that consist of
hexachlorocyclohexane (HCH) have experienced neurological symptoms. It was reported
in 1992 by the National Institute of Occupational Health (NIOH) that paddy field workmen
who were spraying insecticides containing methomyl showed abnormalities in their ECG,
serum LDH and cholinesterase levels [6]. Chlorpyrifos is one of the most widely used syn-
thetic pesticides in the history of agricultural practices, and the application of this agent can
contaminate the soil and groundwater and known to be highly toxic to aquatic life [7]. The
environmental, ecotoxicological and health consequences of the widespread application of
synthetically made chemical pesticides and fungicides, as well as the development of resis-
tance to these agents, have resulted in a heightened concern and interest among researchers
and consumers to focus more on natural and sustainable products with fewer synthetic
pesticides, insecticides, fungicides and herbicides [5].The quality of nutrition, food security
and sustainability have become very important agenda issues in Sustainable Development
Goal 2 (SDG2) established by the United Nations in 2015, and according to current estimates
of SDG2, about 8.9% or 690 million people of the world population are in hunger; thus, it
may not be possible to achieve zero hunger by the year 2030 [8]. Hence, the United Nations
World Food Program aims to alleviate worldwide starvation by the year 2050. There exists
a potential to integrate essential oils (EOs) and bioactive compounds from plants, herbs,
fruit waste and enzymes of ripening fruits into agricultural practices. Essential oils (EOs)
and bioactive compounds from plants, herbs, fruit waste and enzymes of fruits or biomate-
rials are potential crop protection agents [9]. Essential oils are odoriferous volatile natural
oils that can be characterized by their aromatic and lipophilic nature [10]. These EOs
are promising sources of naturally occurring bioactive compounds that show pesticidal
and fungicidal activities [11]. Plants produce both primary (e.g., sugars and acids) and
secondary metabolites, where EOs are largely composed of bioactive secondary metabolites
like monoterpenes, esters, sesquiterpenes, phenols, aldehydes, oxides and ketones that are
synthesized both internally and externally by plants [12,13]. Essential oils are abundantly
found in aromatic plants, where more than 3000 types of EOs have been identified and
about 300 essential oil variants have been commercialized [10,11,14,15]. Families of plants
that are frequently studied for their essential oils include Lauraceae, Myrtaceae, Lamiaceae,
Rutaceae, Apiaceae, Asteraceae, Poaceae, Cupressaceae, Piperaceae and Zingiberaceae [16–18].
Nonetheless, the demand for novel pesticidal and fungicidal products from natural sources
is increasing, and it has been estimated that around 40%–50% of the crop yields of maize,
barley, wheat, rice, potatoes, sugar beets and soybeans harvested worldwide are dissi-
pated each year, largely due to pesticide resistance in crop-consuming insects [2]. The
registration process for a new fungicide or pesticide usually requires the registrant (e.g.,
manufacturer) to analyze and conduct different laboratory-based tests [19]. These tests will
define the chemistry of the new fungicide of pesticide, as well as the potential hazards to
humans, domestic animals, and the proximal environmental and the impact on non-target
organisms. Data that include the identity, chemical and physical properties of the active
ingredient present in the product, as well as analytical methods, the proposed label and
uses, human and environmental toxicity, safety data sheets, efficacy associated with the
intended use, container management, residues resulting from the pesticide product usage
and the disposal of product waste, are needed to support the application of a pesticide or
fungicide registration during its full life-cycle [19,20]. The generation and verification of
such data for a single compound may take many years and can be expensive [21]. Hence,
there is a growing interest and continuous demand to discover new insecticidal, fungicidal
and herbicidal agents with novel mechanisms of action, accompanied by efforts to ensure
safety and reduce production cost.
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Currently, research has been implemented on various chemical properties and bio-
logical activities like antioxidant, anticancer, antimicrobial, antiviral and pesticidal effects
of plant-derived essential oils [22]. The following review paper emphasizes the impact
of potent plant-derived essential oils and their bioactive compounds that synergistically
integrate with synthetic pesticides and other novel molecules for crop preservation.

2. Historical Background and Development of Natural Products in Agriculture

Bioactive compounds present in these natural products can be applied as pesticidal,
insecticidal and fungicidal agents [23]. The origins of many synthetic pesticidal, insecticidal
and antifungal agents can be traced back from a variety of natural products since the
introduction and commercialization of penicillin [24–26]. The use of plant-based pesticidal
agents has been reported since ancient times, where extracts of poisonous herbs were used
to control crop-consuming insect pests about 4000 years ago [27]. Nicotine sulfate, extracted
from the leaves of tobacco plants, was applied as a natural insecticide in the seventeenth
century, and compounds like pyrethrum derived from chrysanthemums flowers and
rotenone extracted from the roots of tropical vegetables were used as natural pesticides
in the nineteenth century [28]. The use of naturally occurring substances as fungicidal
agents has been reported since the seventeenth century, when sea salt and lime were
used to treat wheat in order to prevent the growth of bunt caused by fungi [29]. Another
important discovery was made by the French botanist Pierre-Marie-Alexis Millardet, who
concluded that copper sulfate, which is a naturally occurring substance, was able to
effectively control and reduce downy mildew of certain fruits like grapes [30]. Natural
products and their bioactive derivatives constituted about 36% of ingredients present in
commercially available pesticides from 1997 to 2010. For example, soil-borne bacteria
and Streptomyces avermitilis and Saccharopolyspora spinosa were used to produce natural
pesticides known as avermectin and spinosyn, which can effectively cause the paralysis of
insect pests [31]. Avermectin is an award-winning natural pesticidal agent that was isolated
from the actinomycete species of bacteria known as S. avermitilis. Glufosinate, also known
as phosphinothricin, is a naturally occurring broad-spectrum herbicidal agent produced by
the bacteria of Streptomyces spp. [23]. This bacterial-derived compound was commercialized
as an herbicide by the German pharmaceutical company named Bayer under the trade
name of Finale [32,33]. The herbicidal action of glufosinate works by inhibiting the enzyme
glutamine synthetase, resulting in the buildup of ammonia in the thylakoid lumen of plants
and leading to photophosphorylation decoupling. The British pharmaceutical company
named Corteva Agriscience commercialized a fungicide known as fenpicoxamid that
was derived from antimycin, which is naturally produced by Streptomyces spp. bacteria.
Fenpicoxamid works by inhibiting cellular respiration in fungi. The annual gross of
fenpicoxamid and glufosinate exceeded USD 1 billion after introducing them to the market.
Other examples of herbicides include the Streptomyces spp. produced tentoxin and the
fungal Alternaria alternate (Fries)-derived thaxtomin [23]. These herbicidal agents were able
to disrupt energy metabolism cellulose biosynthesis. Cornexistin is a fungal metabolite
derived from Paecilomyces variotii, which acts as a broad-spectrum herbicidal agent against
maize via the inactivation of enzymes known as aminotransferases [23,34].

3. Sources and Chemical Composition of Plant-Derived Essential Oils

Several species of plants consist of volatile essential oils, in which different plant
parts like leaves, barks, peels, flowers, seeds, buds and roots can be diverse sources of
various essential oils [35]. Plant-based essential oils are complex mixtures of naturally
occurring polar and nonpolar compounds [36]. These essential oils have been classified
into four primary groups as terpenes, derivatives of benzene, hydrocarbons and other
forms of miscellaneous aromatic compounds [37,38]. Terpenes like monoterpenes and
monoterpenoids are the most abundant and major representative molecules that constitute
about 90% of EOs [39]. Plant-derived EOs are largely composed of carbon hydrocarbons
including the following: acyclic alcohols like geraniol, linalool and citronellol; cyclic al-
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cohols like terpeniol, menthol and isopulegol; bicyclic alcohol compounds like verbenol
and borneol; phenols that include carvacrol and thymol; ketones like menthone, carvone
and thujone; aldehydes that include citral and citronellal;acids like chrysanthemic acid;
and oxides like cineole [35]. Terpenes present in these EOs are further classified into the
following groups according to their molecular weight: hemiterpenes (C5), monoterpenes
(C10), sesquiterpenes (C15), diterpenes (C20), triterpenes (C30) and tetraterpenes (C40).
Aromatic compounds occur less frequently compared to terpenes and are natural deriva-
tives of phenylpropane compounds like cinnamaldehyde, aldehyde, cinnamic alcohol, as
well as phenols that include eugenol and chavicol, methoxy derivatives like elemicine,
methyl eugenols, anethole, estragole and methylenedioxy compounds like myristicine,
apiole and safrole [14]. Although EOs are present in a variety of plants, their extraction
and productivity are relatively time consuming and expensive processes, since very small
amounts of pure EOs can be harnessed from a large amount of raw plant material [35,40].

4. Pesticidal and Fungicidal Action Mechanisms of Plant-Derived Essential Oils

Plant-derived essential oils consist of intrinsic properties that can interfere with bio-
chemical, physiological and metabolic functions of insects and fungi by altering the bio-
logical activities of target sites of these organisms [41,42]. Anti-insect pest and antifungal
agents from botanical EOs can have either narrow-spectrum or broad-spectrum activity,
in which narrow-spectrum agents will only affect a particular species of insects or fungi
and broad-spectrum agents are effective against a wide range of fungi or insect pests [43].
Additionally, these botanical agents can be classified as fungistatic, which only slow down
the growth and multiplication of fungi but do not actually kill them, or asfungicidals that
directly promote the cellular destruction of fungal organisms [44]. In case of anti-insect pest
plant-derived agents, these can be classified as insect repellents, which consist of chemical
properties that can simply repel insects, or as insecticides, which are lethal to insects and
cause mortality upon contact [45].

4.1. Mode of Action of Insecticidal Essential Oils

Several molecular studies have revealed the action mechanisms of plant-derived
essential oils that show the efficiency of pesticidal and insect repellent activity. The EO
metabolite-mediated inhibition of acetylcholinesterase (AChE) and octopamine pathways
of insects [46–50] (Figure 1) has been well investigated and documented. Among these
mechanisms, the inhibition of AChE is one of the most exploited, since AChE is an en-
zyme that plays a crucial role in and neuromuscular and neuronal communication in
insects [51–53]. AChE inhibition can cause neurotransmitter toxic effect on insect pests
by the membrane disruption of the postsynaptic junction that leads to the interference of
nerve current [54–56]. Octopamine is an important hormone associated with the nervous
system of insects [57]. This neurohormone is present as octopamine-1 and octopamine-2
and respectively functions as a neurotransmitter and as a neuromodulator in insects, in
which the inhibition of octopamine will cause the impairment of physiological modulation
associated with muscle juncture and homeostasis of insect bodily fluids, which can alter
their octopamine-mediated nervous system [58–63]. Plant-derived EOs are also capable
of inhibiting GABA receptors present in insects, which can suspend GABA from binding
with GABArs (GABA receptors) in extrasynaptic synaptic membranes [64–66] (Figure 1).
Furthermore, phytochemical metabolites from plant-derived EOs can inhibit or interfere
the activities of enzymes associated with the metabolism of xenobiotics and respiration
of insects like CarEs, chitin, cytochrome P450s, ATP-binding cassette transporters and
GSTs [67–69].
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Figure 1. Insecticidal action mechanisms of plant-derived essential oils.

4.2. Mode of Action of Fungicidal Essential Oils

Plant-derived essential oils have multiple mechanisms of action to inhibit the growth
and activity of fungi. Target sites of these EO metabolites include the biosynthesis of cell
wall, ATPases activity, efflux pumps, quorum sensing/biofilm formation and cell mem-
brane structure and integrity in fungi [70–74] (Figure 2). Essential oils that disrupt cell wall
biosynthesis work by inhibiting the formation of components like chitin and β-glucans,
which are necessary for the synthesis of fungal cell walls [75]. Ergosterol is an essential
compound associated with fungal cell membranes and their biosynthetic pathways. The
inhibition of ergosterol by EOs will cause structural, metabolic and osmotic instability in
fungal cells, leading to compromised multiplication and virulence [76–79]. Certain EOs
can affect the ATPases activity of fungi by interfering with the function enzymes associated
with fungal mitochondria. The inhibition of mitochondrial enzymes like malate dehydro-
genase, succinate dehydrogenase and lactate dehydrogenase can alter the level of reactive
oxygen species and ATP, which leads to the diminishing of mitochondrial content that is
essential for fungal metabolic pathways [80]. Efflux pumps are proteinaceous transporters
localized in the cell membranes of both prokaryotic and eukaryotic cells. In fungi, these
are important structures that mediate nutrient uptake, medium acidification and antifun-
gal resistance. These efflux pumps are target sites of certain metabolites associated with
plant-derived essential oils in modifying or reversing antifungal resistance [80–82]. Plant-
derived EOs are also capable of attenuating quorum-sensing (QS) activity in fungi, in which
certain phytochemical metabolites present in these essential oils can inhibit cell-to-cell
communicating QS signaling molecules like N-acyl homoserine lactones (AHLs), tyrosol,
α-(1,3)-glucan and tryptophol, and fungal pheromones like a-factor and α-factor [83–88].
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Figure 2. Antifungal action mechanisms of plant-derived essential oils.

5. Synergistic and Hybridized Insect Pest Management Products of Botanical
Essential Oils

5.1. As Homosynergistic Agents

Plant-derived bioactive metabolites present in EOs are capable of interacting syner-
gistically to increase pesticidal action. A study revealed that essential oil phytochemical
compounds thymol and 1,8-cineole (Figure 3) interacted synergistically with pulegone
to induce larvicidal activity against Plutella xylostella (Linnaeus) (diamondback moth).
1,8-cineole and pulegone (Figure 3) combination indicated the highest synergistic activity
with a larval mortality rate of 90% in the study. The investigation further elucidated that
thymol and 1,8-cineole were able to affect the levels of enzymes like carboxylesterase
esterase, glutathione transferases and acetylcholinesterase associated with P. xylostella [89].
Rosemary essential oil compounds camphor (Figure 3) and 1,8-cineole indicated synergistic
insecticidal action against the moth species known as Trichoplusia ni (cabbage looper). The
study revealed that the mixture of these compounds (103 μg of 1,8-cineole and 150 μg
of camphor) indicated a larval mortality rate >80% in both contact and fumigant assays
with a penetration rate >40% in 60 min of application [90]. A similar study conducted by
Tak and Isman [91] revealed that 1,8-cineole and camphor isolated from the essential oil
of Rosmarinus officinalis were synergistically active when combined against Trichoplusiani
(Hübner) larvae. A compound combination ratio of 60:40 of 1,8-cineole and camphor
indicated a larvae mortality rate of 93.3± 6.7 in the study [91]. Binary mixtures of essential
oil compounds α-terpineol (Figure 3) and thymol were able to synergize the biopesti-
cidal activity of 1,8-cineole and linalool (Figure 3) against swinhoe larvae Chilopartellus
(Swinhoe) at a dose of 189.7 μg [92]. An investigation conducted by Hummelbrunner
and Isman [93] revealed that complex mixtures of trans-anethole, citronellal (Figure 3),
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α-terpineol and thymol were able to interact synergistically and mediate acute toxicity to
S. litura Fab. (tobacco cutworms) when topically administered at a dose of 40.6 μg [93].
Liu et al. [94] indicated that essential oils extracted from Cinnamomum camphora (L.) Presl.
seeds and Artemisia princeps Pamp leaves exhibited synergistic insecticidal and repellent
activity against crop pests like Sitophilusoryzae L. (rice weevil) and B. rugimanus Bohem
when combined at a concentration ratio of 1:1 [94]. A study showed that cinnamon oil was
able to synergize the larvicidal activity of rotenone against Spodoptera litura (F.) at a mixture
ratio of 1:35 and concentration of 506 mg/L within 72 h of exposure [95]. Essential oil
compounds γ-terpinene and terpinen-4-ol (Figure 3) isolated from the extracts of Majorana
hortensis Moench were able to synergistically mediate insecticidal activity against Aphis
fabae (Scopoli) and S. littoralis [96]. Andrés et al. [97] showed that binary mixtures of essen-
tial oil compounds terpinolene and safrole (Figure 3) extracted from Piper hispidinervum
were able to induce synergistic antifeedant effect on crop-related pests like Leptinotarsa
decemlineata (Say), S. littoralis, Rhopalosiphum padi(Linnaeus) and Myzuspersicae (Sulzer) [97].
Furthermore, an investigation showed that a binary mixture composed of limonene and
carvone (Figure 3) at a concentration ratio of 6:2 displayed synergistic pesticidal activ-
ity against Tribolium castaneum (Herbst) (red flour beetle) adults at 10.84 μg and larvae
at 30.62 μg [98]. Examples of insecticidal homosynergistic plant-derived EOs and their
compounds are summarized in Table 1.

Figure 3. Cont.
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Figure 3. Phytochemical compounds isolated from plant-derived essential oil synergists.

5.2. As Enhancers of Commercial Insecticides

Certain essential oils and their representative phytochemical constituents are capable
of enhancing the insecticidal action of commercially available synthetic chemical pesticides.
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A study conducted by El-Meniawi et al. [99] showed that EOs from Simmodsiachinesis,
Allium sativum, Fam. and Mentha piperita Fam. were able to synergistically enhance the
activity of cyhalothrin, diuron and malathion, respectively, at concentrations ranging from
0.1 to 100 μm against Bemisia tabaci (Gennadius) (silver leaf whitefly). Further investigations
in this study showed that these combinative agents induced the inhibition of the entomic
enzymes ATPase, chitinase and acetylcholinesterase [99]. An investigation revealed the
pesticide susceptibility of Myzus persicae (Sulzer) (green peach aphid) to imidacloprid
and spirotetramat after individually combining them with Thymus vulgaris and Lavandula
angustifolia, thymol and linalool, respectively. Imidacloprid with L. angustifolia combinative
treatment indicated the highest synergism ratio of 19.8 in the study [100]. A similar study
showed that rapeseed oil and soya oil enhanced the pesticidal action of pirimicarb and
imidacloprid against Myzuspersicae (Sulzer) [101]. The essential oil compound linalool
isolated from Ocimumbasilicum (Linnaeus) enhanced the pesticidal effect of deltamethrin
against Spodoptera frugiperda (J.E. Smith) (all armyworm). The study showed that the
dose of deltamethrin can be reduced by more than 6-fold by the application of 480 μg/μL
of O. basilicum essential oil [102]. Another study indicated that deltamethrin at 9.62 μL
and linalool at 0.177 μL combination induced enhanced insecticidal activity against S.
frugiperda larvae, resulting in 95.75% mortality in 24 hours. The same study showed that
linaloolatat0.177 μL enhanced the pesticidal activity of Decis® (25CE) at 0.25 μL, resulting
in 100% larval mortality [103]. A recent research study conducted by Ismail (2021) showed
that garlic oil was able to synergize and enhance the insecticidal action of chlorpyrifos and
cypermethrin up to 9-fold against the crop pest S. littoralis. The study further elucidated
that these combinative agents induced the inhibition of enzyme pathways associated
with oxidase, glutathione S-transferase and general esterase (ά-β-EST) of the tested insect
pest [104]. Mantzoukas et al. [105] stated that the cannabidiol (Figure 3) present in the
essential oil of the Cannabis plant synergized the commercially available biopesticides
madex, azatin and helicovex against the four crop pests S. zeamais, Rhyzopertha dominica
(Fabricius), Prostephanus truncates (Horn) and Trogodermagranarium (Everts) at doses ranging
from 500 to 3000 ppm [105]. Examples of commercially available synthetic pesticides used
in combination with plant-derived essential oils and their compounds are summarized in
Table 1.

6. Synergistic and Hybridized Fungicidal Activity of Botanical Essential Oils

6.1. As Homosynergistic Agents

Bioactive phytochemical metabolites present in EOs have been found to interact syn-
ergistically to mediate antifungal activity. A study revealed that EOs isolated from thyme,
clove and lemongrass demonstrated high antifungal activity, which completely inhibited
the growth of mycelium of Fusarium oxysporum (Sacc.) and Fusarium circinatum (Nirenberg
and O’Donnell) at a concentration of 1000 μL/L [106]. Another study indicated that the
essential oil combination of thyme, cinnamon, lime and clove induced antifungal activity
against the crop-degrading fungus Colletotrichum gloeosporioides (Penz)and reduced the
damage of crops [107]. Nardoni et al. [108] stated that EOs extracted from Thymus vulgaris,
Origanum vulgare, O. basilicum, Foeniculu mvulgare, Illicium verum, Syzygium aromaticum,
Origanum majorana, Rosmarinus officinalis, Citrus sinensis, Citrus bergamia, Cymbopogon cit-
rates, Salvia sclarea, Citrus aurantium, Citrus paradise and Citrus limon showed synergistic
antifungal activity against P. funiculosum and M. racemosus with a FICI of <0.5 for both
fungi [108]. An investigation conducted by Bedoya-Serna et al. [109] showed that a nano-
emulsion composed of a mixture of oregano and sunflower essential oil was synergistically
active against Fusarium sp., Cladosporium sp. and Penicillium sp., which suspended their
fungal spore formation at a concentration 0.1 mL [109]. Essential oils extracted from
Thymus vulgaris and O. vulgare interacted synergistically to mediate antifungal activity
against Fusarium spp. with FICIs ranging from 0.375 to 0.5 when used in combination.
Moreover, the study showed that the best synergistic activity of the essential oil combi-
nation was demonstrated against F. moniliforme with a FICI of 0.375 at an indicative MIC
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and MFC of 0.156 μL/mL [110]. An investigation carried out by Yen and Chang [111]
indicated that cinnamaldehyde and eugenol isolated from cinnamon essential oil were
synergistically fungicidal against L. sulphureus. The study revealed that the MIC of the
cinnamaldehyde and eugenol (Figure 3) combination was90% lower compared to their
stand-alone treatments [111]. Hartati [112] stated that combining essential oils extracted
from Cymbopogon nardus (citronella) and Azadirachta indica (neem) at a concentration ratio
of 1:1 was synergistic and effective against the fungal pathogen of patchouli plants known
as Synchytriumpogostemonis S.D.Patil and Mahab [112]. A study revealed that a combination
of essential oils from Syzygium aromaticum (Linn.) (clove) and Cinnamonum zeylanicum (cin-
namon) mediated synergistic fungicidal activity against a crop disease causing Aspergillus
niger, Alternaria alternate (Fries) Keissler, Colletotrichum gloeosporioides (Penzig), Lasiodiplodia
theobromae (Patouillard) Griffon and Maublanc, Plasmopara viticola (Berkeley and Curtis)
and Rhizopus stolonifer (Ehrenberg) Vuillemin. The best synergistic antifungal activity was
observed for clove oil and cinnamon oil (9:1) with a FICI of 0.55 against P. viticola in the
study [113]. A research conducted by Yu et al. [114] indicated that essential oil compounds
terpinolene, terpinen-4-ol, δ-terpinene, α-pinene, 1,8-cineole, α-terpineol and α-terpinene
(Figure 3) isolated from Melaleuca alternifolia (tea tree) interacted synergistically to mediate
antifungal activity against Botrytis cinerea (Persoon). According to the results of the study,
the highest antifungal synergism was observed for terpinen-4-ol and α-terpineol combina-
tion (1:1 ratio), which indicated a mycelial growth inhibition rate of 99.46% ± 0.76%, and
scanning electron microscopic analysis revealed that these compounds made pronounced
alterations in the cell wall ultrastructure, mycelial morphology and plasma membrane per-
meability [114]. Another investigation revealed that the essential oil compounds carvone,
apiol and limonene (Figure 3) isolated from the seeds of the Anathallis graveolens (Pabst) F.
Barros plant were synergistically active against Aspergillus flavus, which reduced ATPase
and dehydrogenase synthesis, leading to fungal mitochondrial dysfunction and cell death
induced by the accumulation ROS in A. flavus [115]. Moreover, Nakahara et al. [116] tested
the combined activity of the EO compounds linalool and citronellal isolated from C. nardus
against Aspergillus sp., Eurotium sp. and Penicillium sp., and found the combination to be
synergistically fungicidal at a concentration of 112 mg/L [116]. Examples of fungicidal
homosynergistic plant-derived EOs and their compounds are summarized in Table 1.

6.2. As Enhancers of Commercial Antifungal Agents

Plant-derived metabolites present in EOs are also capable of enhancing the antifungal
action of existing synthetic chemical fungicidal agents. A study showed that the EO com-
pound cinnamaldehyde potentiated the fungicidal action of fluconazole against Aspergillus
fumigatus MTCC 2550 by reducing the MIC of the antifungal agent by up to 8-fold [117].
Gadban et al. [118] demonstrated that essential oil extracted from Tagetesfilifolia Lag. po-
tentiated the fungicidal activity of difenoconazole, trifloxystrobin, cyproconazole and
carbendazim up to 80% when used in combination against the phytopathogenic fungus
Colletotrichum truncatum (Schweinitz) Andrus and W.D. Moore [118]. An investigation
indicated that EO extracted from Eupatorium adenophorum leaves that consist of phyto-
chemical compounds like 10Hα-9-oxo-agerophorone, 9-oxo-10, 11-dehydro-agerophorone
and 10Hβ-9-oxo-agerophorone (Figure 3) was able to enhance the fungicidal action of
mefenoxam and mancozebagainst Pythium myriotylum (Drechsler). According to the results
of the study, the EO and mancozeb combination indicated the highest synergistic activity
with a fungal mycelia growth rate of 100%, and light and transmission electron microscopic
analysis revealed that the EO induced hyphae swelling, cell wall disruption, shortening
of the cytoplasmic inclusion and degradation of plasma membrane and cytoplasmic or-
ganelles [119]. Camiletti et al. [120] tested and concluded the synergistic action of EO
extracted from Tagetes minuta L., Laurus nobilis L. and T. filifolia with iprodione against a
major crop-associated fungal pathogen known as Sclerotium cepivorum (Berkeley) Whetzel
(withe rot). In the study, T. minuta in combination with iprodione showed the best syn-
ergistic activity, which induced 100% growth inhibition of the fungus. Furthermore, the
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study elucidated that phytochemical compounds anethole, phenylpropanoids, sphatulenol
and estragole (Figure 3) were abundantly present in the EOs of the tested plants [120].
An investigation revealed that EO extracted from Pogestemon patchouli mediated partial
synergism with synthetic antifungal agents like ketoconazole and amphotericin B against
A. niger and A. flavus with a FICI ranging from 0.52 to 1 [121]. Examples of commercially
available synthetic fungicidal agents used in combination with plant-derived essential oils
and their compounds are summarized in Table 1.

7. Novel Developments in Synergistic Insecticidal and Fungicidal Plant-Derived
Essential Oils

Recent developments and novel strategies have been implemented to enhance pestici-
dal and fungicidal actions of plant-based essential oils. A study indicated that the essential
oil compound carvacrol (Figure 3) was able to synergistically interact with the crystalline
proteins produced by Bacillus thuringiensis MPU B9 and MPU B54 strains to mediate larvici-
dal activity against Cydia pomonella (Linnaeus)(codling moth) and S. exigua (beet armyworm
moth). The best synergistic larvicidal action was observed at a 1:25000 (MPU B54 protein
to carvacrol) concentration ratio, which induced a 96.7% (±3.33%) mortality rate [122]. A
similar study elucidated that EOs from A. indica containing azadirachtin and Sinapis alba
were synergistically active against crop pests, like Spodopteraexigua (Hübner), C. pomonella
and Dendrolimus pini (Linnaeus), when used in combination with bacterial crystalline toxins
of B. thuringiensis MPU B9 isolate. Hence, the results of the study indicated a 2-fold increase
in larvicidal activity of the combined agents [123]. An investigation conducted by Radha
et al. [124] stated that essential oils extracted from Chenopodium ambrosoides and Thymus
vulgaris induced synergism with fungal secretions released by Beauveria bassiana(Balsamo)
Vuillemin to mediate insecticidal and repellent action against Callosobruchus maculates
(Fabricius) (Cowpea bruchid). According to the results of the study, the highest synergistic
interaction was observed with Chenopodium oil, which induced a 76% mortality rate of
C. maculates larvae in 168 h after treatment [124]. Yang et al. [125] tested the insectici-
dal efficiency of polyethylene glycol-coated garlic essential oil against adult T. castaneum
and found that these nanoparticles are capable of inducing 100% mortality [125]. An
investigation demonstrated that essential oil purified from Pelargonium graveolens induced
40% mortality of the Agrotis ipsilon (Hufnagel) (dark sword-grass) moth when encapsu-
lated and deployed with solid lipid nanoparticles [126]. Research conducted by Pierattini
et al. [127] demonstrated that diatomaceous earth molecules worked synergistically to
potentiate the insecticidal activity of O. basilicum and Foeniculum vulgare against Sitophilus
granaries (Linnaeus). The combinative treatment indicated a synergistic co-toxicity coef-
ficient that ranges from 1.36 to 3.35 for F. vulgare and O. basilicum [127]. A novel study
demonstrated that orange essential oil interacted synergistically with a baculovirus known
as the nucleopolyhedrosis virus to induce enhanced larvicidal activity against S. littoralis
(the cotton leaf wormmoth) [128]. Furthermore, a novel study conducted by Al-alawi. [129]
demonstrated that pine essential oil synergistically interacted with secretions of B. bassiana
BAU016 fungal isolate to induce enhanced larvicidal activity against Tetranychus urticae
(Koch) (two-spotted spider mite) [129].

An investigation conducted by Nasseri et al. [130] showed that the EO of Zataria
multiflora mediated synergistic fungicidal action against Aspergillus ochraceus, A. niger, A.
flavus, Alternaria solani, Rhizoctonia solani and Rhizopus stolonifer (Ehrenberg) when loaded
and used with solid lipid nanoparticles. The study demonstrated that these combina-
tions inhibited 54%–79% of fungal growth [130]. Luque-Alcaraz et al. [131] tested the
antifungal efficiency of chitosan and Schinus molle (pepper tree) essential oil conjunctive
bio-nanocomposites against Aspergillus parasiticus and observed a 40%–50% reduction in
fungal cell viability [131]. A study indicated that M. piperita EO coated with gold nanopar-
ticles induced synergistically enhanced antifungal activity against A. flavus [132]. An
investigation revealed that Satureja khuzestanica (Jamza) essential oil encapsulated with
chitosan nanoparticles induced enhanced fungicidal action against R. stolonifer [133]. A
research study conducted by Kalagatur et al. [134] elucidated that chitosan nanoparticles
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mediated antifungal activity against the phytopathogenic fungus Fusarium graminearum
(Schwabe) when incorporated with the EO of Cymbopogon martini, which indicated a MIC
of 421.7 ± 27.14 and MFC of 618.3 ± 79.35 ppm. Scanning electron microscopic analysis in
the study revealed detrimental changes in the fungal macroconidia and further elaborated
antifungal action mechanisms like intracellular reactive oxygen species elevation, depletion
of ergosterol content and lipid peroxidation. Moreover, the study revealed the abundance
of geraniol (Figure 3) in the EO of C. martini [134]. Latha and Lal. [135] demonstrated that
secretions produced by micro-algae were able to synergize and potentiate the antifungal
action of thyme essential oil against the phytopathogenic fungus Alternariabrassicae, which
causes a serious disease in pre-harvest and post-harvest broccoli crops [135]. A novel study
showed that bioactive secretions of Bacillus subtilis B26 isolate synergistically enhanced
the antifungal action of EOs obtained from myrtlewood, Leyland cypress needles, orange
and lime when used in combination against phytopathogenicfungi Ophiostoma perfectum,
Trichoderma spp. and A. niger [136]. Furthermore, a similar study elucidated that the essen-
tial oil extracted from Zingiber officinale var. rubrum induced enhanced fungicidal activity
against an A. niger FNCC 6080 isolate when combined with the Lactococcus lactis produced
bacteriocin lantibiotic known as nisin [137]. Examples of novel bioactive molecules used
in combination with plant-derived essential oils and their compounds are summarized in
Table 1.

Table 1. Plant-derived essential oils and their compounds combined with synergistic agents against paddy field insect pests
and fungal pathogens.

Plant Source EO Compound
Synergist Used with EO

Compound
Insect Pest//Fungal

Pathogen
Reference

N/S Cinnamaldehyde Eugenol L. sulphureus [111]

N/S Cinnamaldehyde Eugenol C. nardus [112]

Melaleuca alternifolia Terpinolene, Terpinen-4-ol,
δ-Terpinene,

α-pinene, 1,8-cineole,
α-terpineol B. cinerea [114]

Anathallis graveolens Carvone, Apiol Limonene A. flavus [115]

Cymbopogon nardus Linalool Citronellal
Aspergillus sp.,
Eurotium sp.,

Penicillium sp.
[116]

Tagetes minuta, Laurus
nobilis, Tagetes filifolia

Anethole, Phenylpropanoids,
Sphatulenol, Estragole Iprodione S. cepivorum [120]

N/S Carvacrol Crystalline proteins of B.
thuringiensis C. pomonella, S. exigua [122]

Azadirachta indica
Rosmarinus officinalis

Azadirachtin
Camphor

Crystalline toxins of B.
thuringiensis
1,8-cineole

S. exigua, C. pomonella,
D. pini
T. ni

[123]
[90]

N/S α-terpineol Thymol C. partellus [92]

N/S Trans-anethole, Citronellal α-terpineol, and thymol S. litura [93]

N/S Cinnamon oil Rotenone S. litura [95]

N/S Terpinolene Safrole
L. decemlineata,

S. littoralis, R. padi, M.
persicae

[97]

Piper hispidinervum γ–terpinene Terpinen-4-ol A. fabae [96]

S. littoralis

Majorana hortensis Cinnamaldehyde Fluconazole A. fumigatus [117]
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Table 1. Cont.

Plant Source EO Compound
Synergist Used with EO

Compound
Insect Pest//Fungal

Pathogen
Reference

N/S
N/S

Simmodsia chinesis

10Hα-9-oxo-agerophorone,
9-oxo-10,

11-dehydro-agerophorone,
10Hβ-9-oxo-agerophorone

Jojoba oil

Mefenoxam, Mancozeb
Cyhalothrin

P. myriotylum
B. tabaci

[119]
[99]

Allium sativum Garlic oil Diuron

Mentha piperita Peppermint oil Malathion

Thymus vulgaris N/S Imidacloprid,
Spirotetramat M. persicae [100]

Lavandula angustifolia N/S Deltamethrin S. frugiperda [102]

N/S Linalool, Thymol Decis® (25CE) S. Littoralis [103]

Ocimum basilicum Linalool Chlorpyrifos,
Cypermethrin S. zeamais [104]

Madex, Azatin, Helicovex R. dominica [105]

N/S Garlic oil P. truncatus

N/S Cannabidiol oil T. granarium

N/S: Not specified.

8. Concluding Remarks and Future Perspectives

The issue of synthetic pesticide, insecticide and fungicide resistance is expanding
rapidly across the globe. Hence, the prospects for the application of existing pesticides and
fungicides in the future have become challenging and uncertain. Plant-derived essential
oils and their phytoconstituents are remarkable sources of novel bioactive compounds
with broad-spectrum insecticidal and antifungal properties. These compounds can exert
homosynergistic action or synergistically interact with other pest management agents or
bioactive molecules. This review summarizes and interprets the findings of experimental
work based on plant-based essential oils in combination with existing pesticidal, insecti-
cidal and fungicidal agents, as well as novel bioactive natural and synthetic molecules,
against insect pests and fungi responsible for the spoilage of crops. These essential oil
combinations have shown remarkable results as agents with different mechanisms for
overcoming pesticidal, insecticidal and fungicidal resistance. For instance, several studies
have elucidated that these synergistic combinative compounds can significantly reduce the
insect mortality rate and MIC/MFC of fungi. The efforts in synergy research have led to
the discovery and production of novel pest management agents. However, the underlying
modes of actions associated with synergistic essential oil products have not yet been fully
exploited. Hence, the broadening of molecular and biochemical studies based on combined
synergists of essential oils are needed to establish a better understanding and further
exploitation of their toxicological responses and bioactivity in order to determine their true
potency and safety in agricultural application. At present, the availability of experimental
data based on essential oil synergists is limited and, therefore, further studies are needed
in order to broaden and elucidate their novel action mechanisms in modifying pesticidal,
insecticidal and fungicidal resistance. Moreover, studies are needed on insecticidal and
fungicidal activities of fruit waste and botanical enzymes, like bromelain combinative
synergists, with plant-derived essential oils.
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Abbreviations

S. avermitilis: Streptomyces avermitilis; S. spinose: Saccharopolyspora spinosa (Mertz and
Yao); spp.: Species (multiple); P. variotii: Paecilomyces variotii; AChE: Acetylcholinesterase;
GABA: Gamma aminobutyric acid; CarEs: carboxy-lesterase; ATP: Adenosine triphos-
phate; GST: glutathione S-transferase; β: Beta; α: Alpha; δ: Delta; QS: Quorum sensing; EO:
Essential oil; ROS: Reactive oxygen species; ECG: Electrocardiogram; LDH: Lactate dehy-
drogenase; P. xylostella: Plutella xylostella (Linnaeus); C. partellus: Chilo partellus (Swinhoe); T.
ni: Trichoplusia ni (Hübner); S. litura: Spodoptera litura (F.); S. oryzae: Sitophilus oryzae (L.); B.
rugimanus: Bruchus rugimanus Bohem; A. fabae: Aphis fabae (Scopoli); S. littoralis: Spodoptera
littoralis (Boisduval); L. decemlineata: Leptinotarsa decemlineata (Say); R. padi: Rhopalosiphum
padi(Linnaeus); M. persicae: Myzus persicae (Sulzer); T. castaneum: Tribolium castaneum
(Herbst); B. tabaci: Bemisia tabaci (Gennadius); L. angustifolia: Lavandula angustifolia (Miller);
S. frugiperda; Spodoptera frugiperda (J.E. Smith); S. zeamais: R. dominica: Rhyzopertha dominica
(Fabricius); P. truncatus: Prostephanus truncates (Horn); T. granarium: Trogoderma granarium
(Everts); F. oxysporum: Fusarium oxysporum (Sacc.): F. circinatum: Fusarium circinatum (Niren-
berg and O’Donnell); C. gloeosporioides: Colletotrichum gloeosporioides (Penz); P. funiculosum:
Penicillium funiculosum; M. racemosus: Mucor racemosus (Fresenius); sp.: Species (single); L.
sulphureus: Laetiporussulphureus (Bull.) Murrill; S. pogostemonis: Synchytriumpogostemonis
S.D. Patil and Mahab; A. niger: Aspergillus niger; A. alternata; Alternaria alternate (Fries)
Keissler; C. gloeosporioides: Colletotrichumgloeosporioides (Penzig); L. theobromae: Lasiodiplodia
theobromae (Patouillard) Griffon and Maublanc; P. viticola: Plasmopara viticola (Berkeley
and Curtis); R. stolonifer: Rhizopus stolonifer (Ehrenberg) Vuillemin; P. viticola: Plasmopara
viticola (Berkeley and Curtis); A. flavus: Aspergillus flavus; A. fumigatus; Aspergillus flavus; C.
truncatum: Colletotrichum truncatum (Schweinitz) Andrus and W.D. Moore; P. myriotylum:
Pythium myriotylum (Drechsler); S. cepivorum: Sclerotium cepivorum (Berkeley) Whetzel; L.
lactis: Lactococcus lactis; T. minuta: Tagetes minuta (Linnaeus); C. pomonella: Cydia pomonella
(Linnaeus); B. thuringiensis: Bacillus thuringiensis; S. exigua: Spodoptera exigua (Hübner); D.
pini: Dendrolimus pini (Linnaeus); B. bassiana: Beauveria bassiana (Balsamo) Vuillemin; T.
castaneum: Tribolium castaneum (Herbst); A. ipsilon: Agrotis ipsilon (Hufnagel); F. vulgare:
Foeniculum vulgare (Miller); O. basilicum: Ocimum basilicum (Linnaeus); T. urticae: Tetranychus
urticae (Koch); A. ochraceus: Aspergillus ochraceus; A. brassicae: Alternaria brassicae; A. solani:
Alternaria solani; A. ochraceus: Aspergillus ochraceus; R. solani: Rhizoctonia solani; R. stolonifer:
Rhizopus stolonifer(Ehrenberg) Vuillemin; A. parasiticus: Aspergillus parasiticus; C. maculates:
Callosobruchus maculates (Fabricius) μg: Microgram; >: Greater than; mg/L: Milligram per
liter; μm: Micrometer; μL: Microliter; ppm: Part per million; μL/L: Microliter per liter; FICI:
Fractional inhibitory concentration index; <: Less than; mL: Milliliter; μL/mL: Microliter
per milliliter; USD: United States Dollars; USA: United States of America; MIC: Minimum
inhibitory concentration; MTCC: Microbial-Type Culture Collection and Gene Bank; MFC:
Minimum fungicidal concentration; FNCC: Food and Nutrition Culture Collection.
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Abstract: Lemon oils are amongst the highest volume and most frequently traded of the flavor and
fragrance essential oils. Citronellal and citral are considered the key components responsible for the
lemon note with citral (neral + geranial) preferred. Of the myriad of sources of citral, the Australian
myrtaceous tree, Lemon Myrtle, Backhousia citriodora F. Muell. (Myrtaceae), is considered superior.
This review examines the history, the natural occurrence, the cultivation, the taxonomy, the chemistry,
the biological activity, the toxicology, the standardisation and the commercialisation of Backhousia
citriodora especially in relation to its essential oil.

Keywords: Backhousia citriodora; lemon myrtle; lemon oils; citral; geranial; neral; iso-citrals; citronellal;
flavor; fragrance; biological activity

1. Introduction

There are many natural sources of lemon oil or lemon scent. According to a recent
ISO Strategic Business Plan [1], the top production of lemon oils comes from lemon (7500
tonne), Litsea cubeba (1700 tonne), citronella (1100 tonne) and Eucalyptus (now Corymbia)
citriodora (1000 tonne). Lemon oil itself, cold pressed from the peel of Citrus limon L.,
Rutaceae, contains 2–3% of citral (geranial + neral) [2–4], the lemon flavor ingredient.
Consequently, the oil, along with numerous other citrus species, is used more for its high
limonene (60–80%) and minor component content as a fragrance, health care additive [5] or
solvent rather than a citral lemon flavor. Citral- and citronellal-rich oils are the commercial
lemon-scented oils. Significant sources [6] of these essential oils are listed in Table 1 [6–44].

The aim of this review is to examine investigations into Lemon Myrtle, Backhousia
citriodora F. Muell. (Myrtaceae), a source of lemon-scented essential oil, that suggest that
Lemon Myrtle is superior to other current commercial sources with respect to citral content,
oil yield, organoleptic and medicinal properties.

The criteria used for selection of papers for review are so numerous that they are diffi-
cult to itemize. Little was covered prior to the classical The Essential Oil series [16,33] after
which chemistry papers abounded, to be followed by more recent bioactivity, toxicology,
standards and commercial communications as the industry expanded, all accessed from
‘in-house libraries’, electronic databases and published reference lists up until mid 2021.

2. Taxonomy

2.1. Etymology

In 1845, lemon-scented myrtle was named Backhousia citriodora F. Muell. by botanist
Ferdinand von Mueller, the genus after the English botanist, James Backhouse and the
species epithet from the distinctively strong lemon scent of the foliage [45]. The genus
Backhousia, from the Myrtaceae family, is endemic to eastern Australia and is a close relative
of the genus Choricarpia, with which it forms the Backhousia alliance [7]. The primary
common name “Lemon-scented myrtle” was shortened to “lemon myrtle” for the native
foods industry to market the leaf for culinary use. “Sweet Verbena Myrtle” and “Lemon
Ironwood” are also common names. As B. citriodora has two chemoypes, distinction needs
to be made between the citral chemotype and the L-citronellal chemotype [38,39].
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2.2. Habit

Mature lemon myrtle trees reach 8 m (25 ft) in height, or higher (to 30 m) when
crowned, but are often smaller. The leaves are evergreen, opposite, lanceolate, 4–15 cm in
length and 1–5 cm (0.59–0.98 in) broad, glossy green, with an entire margin. The flowers
are creamy white, 5–7 mm (0.20–0.28 in) in diameter, produced in clusters at the ends of the
branches from summer through to autumn, and after petal fall, the calyx is persistent [45],
as shown in Figure 1.

Figure 1. Backhousia citriodora in plantation and in flower, showing natural distribution.

2.3. Distribution

B. citriodora is endemic to only the east coast of Australia in Queensland from the
Sunshine Coast regions of Eumundi, Maroochydore, Noosa and Woondum, to the ranges
west of Miriam Vale and the Mackay, Whitsunday, Townsville and Herberton regions.
Plantations have been established from north Queensland to northern New South Wales
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for both the production of dried leaf and lemon essential oil [45]. The largest of these cover
200 and 70 acres, producing over 2400 tonne of fresh leaf on stem per annum [46].

2.4. Chemotypes

Backhousia citriodora has two essential oil chemotypes: the citral chemotype is more
prevalent and is cultivated in Australia for flavoring and essential oil [45]. Citral as an
isolate in steam-distilled lemon myrtle oil is typically 90–98%, and oil yield 1–3% from fresh
leaf [10,20,45]. This is the highest-content natural source of citral (Table 1). The citronellal
chemotype is uncommon and can be used as an insect repellent [5,44] as it has similarities
to citronella (Cymbopogon nardus) and lemon-scented gum (Corymbia citriodora, formerly
Eucalyptus citriodora). Although first reported by Penfold et al. in 1950 [38], it was only in
2001 that this chemotype was rediscovered and the oil fully characterized [39]. The unique
characteristic of this chemotype is that the oil is a source of L-citronellal, whereas many
sources contain either the racemic form or the D-isomer. This chemotype does not breed
true as seed collected from a citronellal type tree has given progeny with a 1.05:1 ratio of
the citronellal:citral chemotypes [39,45].

Table 1. Commercial and potentially commercial sources of citral (neral + geranial) and citronellal essential oil.

Lemon
Constituent

Species Common Name Plant Part % Oil
% Lemon

Constituent
Reference

Citral Backhousia citriodora Lemon myrtle leaves 1.1–3.2 80–97 [6–11]
(neral + Litsea citrata 90 [11]
geranial) Cymbopogon flexuosus Lemongrass leaves 0.2–0.4 60–90 [11–14]

Cymbopogon citratus Lemongrass West
Indian leaves 0.2–0.3 73–90 [6,15–17]

Leptospermum liversidgei var. A. Olive tea tree aerial parts 0.6–0.8 70–80 [11,18–21]
Leptospermum petersonii Lemon tea tree leaf 2.0–7.0 50–77 [18–21]

Litsea cubeba Litsea, may chang fruit 63–78 [11,22,23]
Aloysia triphylla (Lippia citriodora) Lemon verbena 43–68 [6,24,25]

Melaleuca teretifolia Banbar or marsh
honey myrtle leaves, stems 1.5 66–68 [26,27]

Ocimum gratissimum 66.5 [11]
Lindera citriodora 65 [11]
Melissa officinalis Melissa 64 [23,28–30]

Calypranthes parriculata 62 [11]
Citrus limon Lemon petitgrain leaves and twig 0.6 7–50 [31–33]

Ocimum x africanum Lemon basil 42 [6,28]
Melaleuca stipitata Bukbuluk Leaves 0.7–3.1 44 [34]

Eucalyptus staigeriana Lemon ironbark leaves 2.9–3.4 30–50 [20,28]
Citrus aurantifolia leaves Petitgrain 36 [11]

Melaleuca citrolens Gulbarn leaves, stems 1.3–3.9 16–43 [34–36]
Thymus citriodorus Lemon thyme 0.4 16 [6,37]

Citronellal Backhousia citriodora Lemon myrtle leaves 1.8–3.2 80 -89 [20,38,39]
Corymbia citriodora (Eucalyptus citriodora) Lemon-scented gum leaves and twig 0.5–4.2 65–85 [20,40,41]

Leptospermum liversidgii Var. B Olive tea tree aerial parts 0.5 70–80 [20]
Ochrosperma citriodorum (Baeckea citriodora) aerial parts 0.3–1.0 54–80 [20]

Leptospermum petersonii Lemon tea tree leaf 2.0–7.0 40 [19–21]
Cymbopogon winterianus Citronella, Java type leaves ~0.5 31–40 [15,42]

Cymbopogon nardus Citronella, Sri Lanka
type leaves 1–9 1–47 [43,44]

2.5. Agronomy

The silvicultural and agronomic aspects of this species, including plantation develop-
ment, propagation, planting and tending, growth, pests, predators, diseases, harvesting
and processing are very much dependent on the individual producer. One producer has
detailed his approach [45]. The trees grow best near their natural habitat. There is an
increasing demand for organic oil, hence using only organically approved pesticides, herbi-
cides and fertilizers is recommended. The tree loves water but does not like wet feet. It is
frost intolerant, with two or more nights below 0 degrees deadly to seedlings. They enjoy
morning sun with growth aided by windbreaks. The species responds well to nitrogen
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but excessive fertilizer leads to top-heavy plants, poor tree root structure and low leaf oil
quality. Ornamental trees grow well in cooler climates as a shrub rather than a tree.

As B. citriodora is a tropical to subtropical rainforest tree, leaf production is reduced
outside these natural environments. Irrigation is essential for the first years of establishment.
Plantation rows need to allow for mechanized tending and harvesting with soft footprints
to prevent root damage and spacing to allow for considerable foliage spread [45].

Suitable soils should be well drained and permeable, with a moderately acidic pH,
with lime not recommended. Deep ripping the soil for plantation establishment allows
for aeration and moisture retention. Mulching will retain moisture and reduce erosion.
Planting on mounds is not recommended. Pests and diseases vary with location and
climate but always need monitoring [45].

3. Uses

The organoleptic and bioactivity properties of citral have led to the essential oil of B.
citriodora being used in a number of applications. Commercial production has two main
applications [45]: fresh or dried herb sales and distillation for essential oil production.
Chief secondary uses include use by florists and the plant nurseries, where flowers and
leafy branches are very popular ornamentally and the tree itself is an asset to any garden.

Citral itself has a generally recognized as safe (GRAS) listing by the United States
Food and Drug Administration (FDA), whereby when added to food, it is considered safe
by experts [6]. Hence, lemon myrtle oil has been used for citral applications and added as
a flavoring and scenting agent to foods, cosmetics, aromatherapy massage oils and various
household products (such as detergents, soaps, air fresheners, and insect repellents) to give
a lemon or verbena scent [6]. Citral is also an excellent starting material for the synthesis of
vitamin A and the valuable fragrant ionones [6,10,20,45]. Additionally, citral has proven
bioactivity for numerous potential applications [6,11,47,48] and B. citriodora oil or extract
has been reported to possess antimicrobial [47–51], food pathogenic [52,53], postharvest
pathogenic [54], skin infection [55,56] and anti-inflammatory and antioxidative [57,58]
properties. Some of these will be detailed later in this review.

4. Essential Oil

The citral chemotype yields 1.1–3.2% (fresh weight of leaf) of oil with 80–98% citral [10,59].
For commercial equipment, consistent yields of 1.5% (w/w, containing some twig) were
reported compared with a variable 0.4–3.2% for laboratory distillations [45].

A first report of the less common citronellal chemotype indicated yields of 0.5–0.9%
(fresh weight) of oil with 62–80% citronellal [20,39]. Year-old trees from a progeny trial,
however, yielded 1.8–3.2% (dry weight) with 85–89% citronellal [39]. Propagation of
seed from a single citronellal-type mature tree gave mixed progeny with an approximate
1:1 ratio of the citral and citronellal chemotypes. In contrast, progeny from two citral
chemotypes gave only 3/48 of the citronellal chemotype [39]. This rarer form of L or (-)
citronellal provides a starting material for the stereospecific synthesis of terpenoids used in
the perfume and flavor industry [20].

5. Oil Chemistry

The major components of the leaf essential oil of B. citriodora are shown in Table 2,
Figures 2 and 3. Initially thought to be one compound, the major component was called
citral because of its lemony aroma and flavor. This terpene aldehyde was found to be a
mixture of the two geometric isomers neral 9 (IUPAC Name: (2E)-3,7-dimethylocta-2,6-
dienal), and geranial 10 ((2Z)-3,7-dimethylocta-2,6-dienal) also known as citral a and citral
b, respectively in the ratio of 1.2–1.5, as shown in Table 2 [45].
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B. citriodora components were determined by gas chromatography using flame ion-
isation detection (GCFID) and gas chromatography–mass spectrometry (GC–MS). The
most dominant of the minor components are the iso-citrals 5, 6, 8. These isomers of citral
seem to always co-exist with citral and are thought to be oxidative, thermal or acid/base
rearrangement artefacts of citral sourced either naturally or synthetically [10,60–62]. A
published patent reported the purification of citral by fractional distillation in a controlled
acidic environment (pH 3–7). This procedure reduced the formation of iso-citrals [63].

Table 2. The percentage proportion ranges for key constituents in the essential oil of the citral
chemotype of Backhousia citriodora.

Component Min % Max %

β -Myrcene (1) tr a 0.7

2.3-Dehydro-1.8 cineole (2) tr a 0.9

6-Methyl-5-hepten-2 one (3) tr a 2.9

Citronellal (4) tr a 1.0

exo-Isocitral b (5) tr a 2.0

Z-Isocitral b (6) tr a 2.7

Linalool (7) tr a 1.0

E-Isocitral (8) tr a 4.3

Neral (9) c 32.0 40.9

Geranial (10) 44.0 60.7

Nerol (11) c tr a 0.6

Geraniol (12) 0.5 2.5

Total citral b 80.0 96.0
a tr = traces < 0.01%. b Total citral is the addition of all five citral isomers. c On non-polar gas chromatography
(GC) column stationary phases, nerol often co-elutes with neral.

 

 
 

 

 

 

 

-Myrcene (1) 2,3-Dehydro-1,8-cineole (2) 6-Methyl-5-hepten-2-one (3) Citronellal (4) 
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Neral (9) Geranial (10) Nerol (11) Geraniol (12) 

Figure 2. Major constituents of B. citriodora essential oil.
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Figure 3. Gas chromatographic trace of B. citriodora oil on a polar column.

With gas chromatography (GC), the preferred analytical method for determining
essential oil quality, the choice of solvent for injection of aldehyde-rich oils such as B. citri-
odora is important. Alcoholic or ketonic solvents such as ethanol or acetone are unsuitable
because of their tendency to form acetals and ketals if left in these solvents for a length
of time [64]. This was also seen in the analysis of cinnamaldehyde from Cinnamomum
species using methanol as a solvent [65].

6. Bioactivity

An increasing amount of data is now being published affirming the popularity of
lemon myrtle as a complimentary medicine [48,66].

Many anecdotal reports of bioactivity are now being confirmed by in vitro and in vivo
investigations. The Australian Therapeutic Goods Administration (TGA) is reported to
have approved three B. citriodora essential oil medicines by 2006 [56] and by 2017 expressed
an awareness of the increasing number of products containing citral [66].

Even when Rideal–Walker co-efficients were the chief measure of microbial activity,
Backhousia citriodora essential oil scored well [45]. Lemon myrtle oil was shown to possess
significant antimicrobial activity against the organisms Staphylococcus aureus, Escherichia
coli, Pseudomonas aeruginosa, Candida albicans, methicillin-resistant S. aureus (MRSA), As-
pergillus niger, Klebsiella pneumoniae and Propionibacterium acnes comparable to its major
component—citral [45,49–51]. For example, Minimum Inhibitory Concentrations (%v/v)
against Aspergillus niger have been recorded as 0.1, i.e., lower than tea tree oil (0.4) and
equivalent to citral (0.1) [49]. The antimicrobial activity of B. citriodora essential oils was
found to be greater than that of citral alone and often superior to Melaleuca alternifolia essen-
tial oil. B. citriodora has significant antimicrobial activity that has potential as an antiseptic
or surface disinfectant or for inclusion in foods as a natural antimicrobial agent [50].

The leaf paste has been confirmed for its antimicrobial and antifungal properties
against many microbes including Clostridium perfringens, Pseudomonas aeruginosa, and
a hospital isolate of methicillin-resistant Staphylococcus aureus (MRSA) [50,51]. Three
others found the oil/extract to also be an effective antibacterial and antifungal agent
against (a) food pathogenic bacteria and food spoilage yeasts [52], where damage of
the yeast cell membrane through penetration caused swelling and lysis, leading to cell
death; (b) against food-borne pathogens [53], where MIC values against S. aureus and
Escherichia coli were 16- and 8-fold, respectively, better than tea tree oil; and (c) against
the plant postharvest pathogen Monilinia fructicola [54], where in vitro inhibition of spore
germination and mycelial growth was recorded.
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Antiviral activity has been recorded in a clinical trial in treating Molluscum contagiosum,
a skin virus causing pearly, flesh-coloured, dome-shaped papules with central umbilication
frequently among children [55,56]. The trial showed that at the end of 21 days, there was a
more than 90% reduction in lesions in 9/16 children treated with lemon myrtle oil.

Anti-inflammatory and antioxidative properties have also been investigated [57,58].
Lemon myrtle extract (LME) inhibited the production of inflammatory mediators such as
nitric oxide (NO). Enzyme-linked immunosorbent assay and reverse-transcriptase poly-
merase chain reaction (RT-PCR) revealed that pretreatment with LME suppressed the
protein expression and mRNA levels of pro-inflammatory cytokines such as interleukin
IL-6, and tumor necrosis factor (TNF)-α in a concentration-dependent manner, respectively.
This activity suggested that lemon myrtle extract could be used as a potential therapeutic
agent with potent anti-inflammatory effects that could be used to treat inflammatory bowel
disease. Different drying and extraction techniques for optimizing the antioxidant activity
of the leaf have also been investigated [67,68].

In another study, the efficacy of lemongrass (Cymbopogon flexuosus) essential oil and
its bioactive part citral against dual-species biofilms formed by Staphylococcus aureus and
Candida species was evaluated in vitro [69]. Biofilm staining and viability tests showed both
lemongrass essential oil and citral were able to reduce biofilm biomass and cell viability of
each species in the biofilm.

In addition, it has been suggested that lemon myrtle extract is suitable for use in
ocular health nutritional products, not because of the presence of citral in the extract, but
because the extract is a source of lutein and other antioxidants along with folate and the
trace minerals, magnesium and calcium [57,70].

Studies with insects have shown that effective insect repellents based on natural active
ingredients can deliver repellency on par with synthetic actives in the field. For example,
Greive et al. [71] showed in preliminary studies that lemon myrtle oil has insect deterrent
activity. Repellency of 82% was recorded against Aedes aegypti mosquitoes for 30 min in
laboratory tests, with greater efficacy (97%) achieved when mixed (1:5) with Melaleuca
ericifolia oil, a source of linalool.

7. Toxicology

Citral, the major component of Backhousia citriodora oil, has generally recognized as
safe (GRAS) status and is listed by the United States Food and Drug Administration (FDA)
and hence, when added to food, is considered safe by experts [6,47,48].

When a chemical or chemical category has been agreed by the Organisation for Eco-
nomic Co-operation and Development (OECD) member countries, several documents are
available to the public. The OECD-generated profile (called either the Screening Information
Dataset (SIDS) Initial Assessment Profile (SIAP) or the Initial Targeted Assessment Profile
(ITAP)) contains brief summaries of SIDS endpoints as well as the major conclusions of
the hazard assessment. Hence, there is much information available at sites like: https:
//hpvchemicals.oecd.org/UI/handler.axd?id=0ea83202-3f4f-4355-be4f-27ff02e19cb9 (ac-
cessed on 9 July 2021) [11,66,72–76] summarising the toxicology of citral. These reports
draw the following conclusions:

(a) “For human health, acute toxicity of citral was found to be low in rodents because the oral or
dermal LD50 values were more than 1000 mg/kg. This chemical is irritating to skin and not
irritating to eyes in rabbits, and sensitizing to skin in guinea pigs. In humans, this chemical
was irritating and sensitizing to the skin at high concentrations but not by consumer products.
Several repeated dose oral studies show no adverse effect of citral at less than 1000 mg/kg for
5 days to 13 weeks exposure and some histological changes in the nasal cavity or forestomach,
the first exposure sites, probably due to irritation, at more than 1000 mg/kg. The NOAEL for
repeat dose toxicity was 200 mg/kg/day” and
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(b) “Citral was not carcinogenic in rats or male mice. However, there was a marginal increase
in malignant lymphoma in female mice that may have been related to citral. The daily citral
exposures (mg/kg/day) achieved in rats and mice at the lowest dose tested in the two-year
study represents approximately 10 times the average daily intake of 5 mg/kg/day in humans”
and finally

(c) “Under the conditions of these 2-year feed studies, there was no evidence of carcinogenic
activity of citral in male or female F344/N rats exposed to 1000, 2000, or 4000 ppm. There
was no evidence of carcinogenic activity of citral in male B6C3F1 mice exposed to 500, 1000,
or 2000 ppm. There was equivocal evidence of carcinogenic activity in female B6C3F1 mice
based on increased incidences of malignant lymphoma.” [75]

A thorough investigation of lemon balm (Melissa officinalis L.) essential oil has been
published [30] and its oral toxicity determined in mice. Although rich in citral, a high
citronellal content makes this oil more like a typical Leptospermum petersonii oil [18–21]. In a
similar manner, Leptospermum petersonii was evaluated by the Complementary Medicines
Evaluation Committee as an oil with citral as major component to conclude that the oil “is
suitable as an excipient ingredient up to 5% concentration in Listable topical medicines
only” [76].

The antimicrobial and toxicological properties of Backhousia citriodora essential oil,
have been investigated by Hayes and Markovic, 2002 [49]. In vitro cytotoxicity testing
indicated that both lemon myrtle oil and citral had a very toxic effect against human cell
lines: primary cell cultures of human skin fibroblasts. However, a product containing
1% lemon myrtle oil was found to be low in toxicity and could potentially be used in
the formulation of topical antimicrobial products. These same authors performed in vitro
percutaneous absorption investigations of the essential oil of lemon myrtle (B. citriodora) on
freshly excised human full-thickness abdominal skin obtained from patients undergoing
elective surgery [72]. Absorption of lemon myrtle oil in human skin discs was evaluated
following topical application of neat lemon myrtle oil to the epidermal surface. Citral
was the only component found to be absorbing into skin at all exposure periods. When a
formulated product containing 1% lemon myrtle oil was applied, total absorption of citral
was measured. The histopathological assessment indicated limited damage to epidermal
cells. The combination of the above methodologies enabled the generation of data that
could be used for a comprehensive evaluation of the toxicity effects of lemon myrtle oil for
topical application.

In a review on the “Maternal reproductive toxicity of some essential oils and their
constituents”, a study on citral (6) affirms B. citriodora as the best source of citral and
specifies its non-mutagenic and non-carcinogenic attributes [72–76] and reports on an
inhibition of tissue morphogenesis and tumor production. The author then reviews a
host of animal studies on the reproductive toxicity of citral for animals including reduced
fertility in rats, dose-dependent malformations in chicken embryos, suppression of enzymes
responsible for fetal development, teratogenesis in chicken embryos and restricted fetal
cranial development. One suggested action mechanism indicates competition with estrogen
for estrogen receptor sites. Consequently, the use of essential oils high in citral, such as
B. citriodora, should be restricted during pregnancy because of a possible teratogenic
hazard [6].

8. Standards

Only in recent years have standards been developed for the essential oil of Backhousia
citriodora. There have, however, been a number of monographs, especially ISO Standards,
elaborated for other citral-rich [4,12,17,22,31] and citronellal-rich [40,42,43] oils.

In 2001, Standards Australia’s CH21 Essential Oil Committee elaborated a monograph
entitled “Oil of Backhousia citriodora, citral type (lemon myrtle oil)”, AS 4941-2001. This
Standard [8] specified appearance, colour, aroma and physical constants, i.e., specific
gravity, refractive index, optical rotation, solubility in alcohol and flash point. The chro-
matographic table, similar to Table 2 above, listed the major components giving typical
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minimum and maximum percentages for each constituent. Additionally, supplied are typi-
cal chromatograms usually run on both a polar (similar to Figure 3 above) and non-polar
stationary phase with significant peaks identified. Included in a 2011 amendment in this
first Standard’s trace were the regions where one would expect the alkanals n-octan-1-al,
n-nonan-1-al, and n-decan-1-al, byproducts of the synthesis of citral to elute. Peaks in
this region would indicate adulteration of the oil. This revised Standard was improved
with a revision [8,77] of the geraniol percentage figures to 0.5–2.5%. This was achieved
by examining the oil on gas chromatographic traces giving clear separation of geraniol
and geranial which are difficult to resolve on many non-polar and intermediate-polarity
stationary phases.

Approaches to the International Standard’s Organisation’s TC54 Essential Oil Com-
mittee in 2018 resulted in the adoption of a slightly modified version of this Australian
Standard as an International Standard, which is expected to be published in 2022 [9].

9. Commerce

Although all parts of the tree, including the flowers, timber and, indeed the whole tree,
can be used [45], it is the leaf that is most sought after and the main reason for plantation
establishment. The leaf and terminal branches are steam distilled for a citral-rich oil used
as a lemon flavor, fragrance and aromatherapy oil component. The leaf, processed as
whole fresh leaf, whole dried leaf, or dried and milled herb, is also popular for lemon
herbal tea and other culinary and lemon flavor uses. Lemon myrtle finds itself in teas,
breads, biscuits, cakes, cheeses, chutneys, jams, pastas and vinegars, as a flavor; soaps,
cosmetics and pot pourris as a fragrance; aromatherapy oils as a fragrant therapeutic;
and as an air freshener, a disinfectant and in a range of body care products. Because of
toxicity investigations on major component citral, topical use at less than 1% in a topical
formulation is recommended [45,48].

There have been a host of industry production and use-related publications extolling
the value and benefits of lemon myrtle and its essential oil [60,78–90].

Although past production figures have been difficult to acquire, several tonnes of oil
and fresh or dried leaf are produced annually in Australia from millions of trees in several
hundred of hectare of plantation. At the 2003 IFEAT International Conference in Sydney,
an estimated current annual production of 5–8 tonne was reported [78].

The 2012 estimates of farmgate Australian production of lemon myrtle for 2011 were
575–1100 tonne leaf and 3–8 tonne oil, with a gross value of $7–23 million with 90 per
cent of oil exported, mainly to the United States and the European Union [79]. According
to Biosecurity Australia [79,80], 57.4 tonne of organically certified lemon myrtle oil were
exported from Australia to the European Union in 2011, virtually all to Germany. Most
essential oil experts consider this a highly exaggerated figure but the importance of the
species as an internationally and locally traded commodity cannot be understated. In a 2014
report summarising the industry [81] and relying on the 2011 figures [79], a leaf production
figure of 838 tonne of leaf was recorded. A very recent (2020) market study [82] estimates
the current state of the industry and projects growth forward to 2025. A current farm gate
value of Aus $12.2 m is larger than any of the other Australian native foods and botanicals
and is predicted to double in the next five years. There are more than 50 enterprises
producing leaf and/or oil with three of substantial size producing approximately 250 tonne
of dry leaf and approximately 8 tonne of oil with farm gate values estimated at Aus $37.50
and Aus$ 350.00, respectively [82].

10. Conclusions

Lemon myrtle, Backhousia citriodora, citral type, is becoming established as an unri-
valled source of citral lemon whether it be in leaf or oil form. With further development,
this species may well become a superior source of citral. The oil yield is higher, the citral
content better and the aroma cleaner, fresher and sweeter. In tree form, harvesting becomes
more problematic as they do not recover and coppice from ground-level harvesting in the
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same manner as tea tree (Melaleuca alternifolia) and blue mallee (Eucalyptus polybractea) will
do. Leaf can be hand picked or tipped with a mechanical harvester.

The lesser known citronellal chemotype is unlikely to be developed commercially
until further trials are performed despite the advantages of having an excellent source of
the rarer L-enantiomer [39]. Because this chemotype does not breed true, plantation trials
are still at early stages and genetic material for plantations is harder to source, immediate
commercialisation is not envisaged.

The medicinal properties of the citral chemotype are being increasingly investigated as
efficacy in many areas is being proven in both in vitro and in vivo research. Toxicity testing
is proving that the product is generally safe when used in appropriate concentrations for
most applications except for pregnant mums.

Backhousia citriodora, citral type, lemon myrtle oil, has attracted the world’s attention in
recent decades and is consequently assured a strong place in the flavor, fragrance and health
care industries for decades to come. However, there is still much work to be performed,
especially at the molecular level [91] and in detecting adulteration [92].
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Abstract: Lemon essential oil (LEO) is a well-known flavoring agent with versatile biological activities.
In the present study, we have isolated and characterized four citral-enriched fractions of winter LEO.
We reported that in murine and human macrophages the pre-treatment with a mix of these fractions
(Cfr-LEO) reduces the expression of the pro-inflammatory cytokines TNF-α, IL-1β, and IL-6 induced
by LPS. In addition, Cfr-LEO counteracts LPS-induced oxidative stress, as shown by the increase in
the GSH/GSSG ratio in comparison to cells treated with LPS alone. Overall, the results reported here
encourage the application of EO fractions, enriched in citral, in the nutraceutical industry, not only for
its organoleptic properties but also for its protective action against inflammation and oxidative stress.

Keywords: Citrus limon (L.) Osbeck; essential oil; citral; nutraceuticals; inflammation; oxidative stress

1. Introduction

Essential oils (EOs), also called “volatile odoriferous oil”, are concentrated aromatic liquids of a
combination of volatile compounds that can be extracted from different parts of the plant, for example,
leaves, peels, barks, flowers, buds, seeds, twigs, and roots. Different isolation methods have been
described, among which steam distillation [1–3].

The genus Citrus, one of the most important taxonomic subunits of the family Rutaceae, includes
approximately 17 species of plants that produce some of the most cultivated fruits in the world.
Among them, considering their significative content, the species most used for EO production are
lemons (Citrus limon (L.) Osbeck), oranges (Citrus sinensis (L.) Osbeck), grapefruits (Citrus paradisi
Macfad), both mandarins and tangerines (Citrus reticulata Blanco), and various limes (mainly Citrus
Aurantifolia (Christm.) Swingle) [4]. The main components of the C. limon EO (LEO) are represented
by monoterpenoids [5–7]. In particular, LEO is a complex mixture of limonene, γ-terpinene, citral,
linalool, β-caryophyllene, α-pinene, and β-pinene [8].

Linalool, β-caryophyllene, and limonene possess anti-inflammatory effects [9–11]; instead,
α-pinene and β-pinene exert antioxidant effects by reducing nitric oxide production [12].

Moreover, citral, a mixture of the two aldehydes geranial and neral, which represents one of the
main bioactive components of lemon oil (65–85%), is known to possess various medicinal properties
as inhibiting oxidant activity, nuclear factor kappa B (NF-kB) activation, and cyclooxygenase-2
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(COX-2) expression. Katsukawa M. et al., showed that citral, in human macrophage-like U937 cells,
induces expression of PPARα and -γ responsive genes and suppressed both LPS-induced COX-2
mRNA and protein expression in a PPARγ-dependent manner [13]. Bouzenna H. et al. showed
antioxidant effects of citral in rat small intestine epithelial cells, suggesting that citral can protect
against aspirin-induced oxidative stress [14]. Interestingly, citral also has a significant effect in cancer
prevention and treatment [15]; for example, hepatocarcinogenesis in rats was inhibited by lemongrass
oil with a high content of citral [16]. Belusamy et al. also demonstrated that citral inhibited cell viability,
proliferation, and clonogenic potential of prostate cancer cells by targeting key players of fatty acid
biosynthesis [17].

Furthermore, citral mainly contributes to lemon flavor and for this reason, it is usually applied
in the nutraceutical industry, which today is extremely interested in finding innovative solutions to
obtain plant derivates with beneficial properties, to add to their existing products like food, beverages,
and cosmetics.

Increasing population aging is unfortunately associated with the occurrence of age-related and
inflammatory-based disorders. The relationship between oxidative stress and chronic inflammation
is well known from the literature; in particular, reactive oxygen species (ROS) disrupts cell
signaling, alters the metabolism of arachidonic acid, promotes or enhances airway and systemic
inflammation [18]. Among inflammatory and immune effector cell types, macrophages play a crucial
role in the immune response, producing both pro-inflammatory cytokines and other inflammatory
mediators [19], for example, tumor necrosis factor α (TNF-α), interleukin-1β (IL-1β), IL-6. To date,
pro-inflammatory and pro-oxidant regulators are considered important targets for the development of
therapeutic strategies.

Different studies focused their attention on developing inhibitors from natural resources to prevent
or alleviate chronic inflammatory conditions that can be used with minimal side effects.

According to the literature, LEO has versatile therapeutic activities on the digestive apparatus
and the cardiovascular, nervous, and immune systems [20–31]. To date, most studies are centered on
the functional analysis of whole LEO, highlighting its antioxidant and anti-inflammatory properties
specifically related to the presence of linalool [11] and limonene [20]. Less consideration has been given
to the biological properties of the fractions obtained from whole oil; in fact, the few available information
is mainly focused on the isolation techniques and the molecular profiling description [32–36], rather than
on the functional role of the fractions [37–39].

This study aimed to evaluate the anti-inflammatory and antioxidant activity of citral-enriched
fractions of C. limon EO (Cfr-LEO) that, for their improved aroma profile, could have great commercial
importance as natural food additives. With this purpose, C. limon EO was obtained by cold-pressed
extraction from winter fruit and the Cfr-LEO isolated by chromatographic technique. The effects of
Cfr-LEO were investigated on LPS-stimulated murine and human macrophages.

2. Materials and Methods

2.1. Purification of Enriched Fractions from Citrus limon L. Essential Oil

C. limon essential oil (LEO) was recovered by cold-pressed extraction mechanical process from the
peels of winter fruits at the company Agrumaria Corleone S.P.A. (Palermo, Italy).

After cold dewaxing at −20 ◦C for 48 h and subsequent filtration through a paper filter with
10-micron pores, LEO was fractionated by a newly developed adsorption column chromatography.
Some volumes of essential oil flowed through the chromatographic column filled with a particular type
of stationary phase under the following operating conditions: pressure: atmospheric; temperature:
25 ◦C; flow: 3 mL/min. This newly developed method allowed the collections of fractions enriched
with the main aromatic compounds present in C. limon essential oil, based on their affinity with the
stationary phase. Other technical details cannot here be reported and described since to date are
covered by trade secrets.
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2.2. Gas Chromatography (GC-MS and GC-FID) Analyses

The composition of volatile constituents of the essential oil was analyzed with Agilent 6890 N
Network gas chromatographic (GC) equipped with Agilent 5973 mass spectrometer (Agilent
Technologies Inc., Santa Clara, CA, USA) with a DB-5MS fused silica column (30 m × 0.25 mm ID,
film thickness 0.25 μm, Agilent Technologies Inc., Saint Clara, CA, USA). The oven program started
with an initial temperature of 75 ◦C held for 9 min, then the oven temperature was heated at 4 ◦C/min
to 120 ◦C and after at 5 ◦C/min to 310 ◦C for 15 min. The source temperature was 230 ◦C, quadrupole
temperature was 150 ◦C, injector and detector were 250 and 280 ◦C, respectively. The carrier gas was
helium adjusted to a linear velocity of 42 cm/s. Samples were prepared by diluting in hexane in a
ratio of 1:10. Samples were injected (0.2 μL) with a split ratio of 1:50. The identification of essential oil
volatile components was performed by comparison of their mass spectra with a NIST MS Search and
Wiley 138 mass spectral library, as well as with literature data.

The GC-FID analysis of the EO was performed with GC Agilent 7890 A (Agilent Technologies
Inc., Santa Clara, CA, USA) equipped with a non-polar DB-5 (Agilent Technologies Inc., Santa Clara,
CA, USA) capillary column (length: 20 m; 100 μm internal diameter; film thickness 0.1μm). The oven
temperature program was set to 75 ◦C for 3 min, 8 ◦C/min to 140 ◦C for 0 min, 30 ◦C/min to 310 ◦C for
5 min. The carrier gas was H2, at 0.80 mL/min flow. Injector and detector temperatures were set at
280 and 350 ◦C, respectively. Each EO sample was prepared by diluting it in isooctane in a ratio of
1:10. The injection volume was set at 0.2 μL. The GC-FID analysis of the samples allowed to obtain the
relative percentage quantity of the single components contained in the analyzed samples. The value of
each analyte is expressed as the percentage area of the peak with respect to the total composition of the
EO obtained from the GC-FID analysis.

2.3. Cell Culture and Treatment

The murine macrophage RAW264.7 cell line was purchased from ATCC (Manassas, VA, USA).
Cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10%
Fetal Bovine Serum (FBS, Euroclone, UK), 2 mM l-glutamine, 100 U/mL penicillin, and 100μg/mL
streptomycin (Euroclone, UK). The human monocyte THP-1 cell line was purchased from ATCC
(Manassas, VA, USA). Cells were cultures in RPMI-1640 medium (Euroclone, UK) supplemented
with 10% FBS, 2 mM L-glutamine, 100 U/mL penicillin, and 100 μg/mL streptomycin (Euroclone, UK).
THP-1 monocytes were differentiated into M0 macrophages (THP-1 M0) as previously described [40].
In particular, cells were plated at 1 × 105 cells/mL and incubated at 37 ◦C with 5% CO2 for 48 h in
the presence of 50 ng/mL of Phorbol 12-myristate 13-acetate (PMA, Sigma-Aldrich, Saint Luis, MO,
USA); subsequently, the conditioned medium containing PMA was removed and replaced with fresh
medium for 3 days for cell recovering. Cells were then treated at different time points with various
concentrations of LEO or Cfr-LEO, previously diluted in a solution consisting of 95% FBS and 5%
DMSO. The biological assays reported in this manuscript have been carried out with 2 different batches
of Cfr-LEO.

2.4. MTT (3-[4,5-Dimethylthiazol-2-yl]-2,5 Diphenyl Tetrazolium Bromide) Assay

Cell viability was determined by MTT assay as previously described [41]. RAW264.7 were seeded
in triplicate at 3 × 103 cells per well in 96-well plates; 24 h post-seeding, cells were treated for 24 and
48 h with different concentrations of LEO or Cfr-LEO (0.005%, 0.01%, 0.02%, 0.05%). THP-1 M0 were
seeded in triplicate at 2 × 104 cells per well in 48-well plates and treated for 24 and 48 h with LEO or
Cfr-LEO (0.005%, 0.01%, 0.02%, 0.05%). The absorbance was measured by ELISA reader at 540 nm
(Microplate Reader, BioTek, Winooski, VT, USA). Values are expressed as a percentage of cell growth
versus control (untreated cells).
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2.5. Measurement of Cytotoxicity in Cells Exposed to Cfr-LEO Treatment

For the detection of cytotoxicity, the CellTox™ Green Cytotoxicity Assay (Catalog number G8741,
Promega, Madison, WI, USA) was used. RAW264.7 were cultured in triplicate at 5 × 103 cells per
well into white-walled, opaque assay 96 well plates; 24h post-seeding, cells were treated for 24 and
48 h with different concentrations of LEO or Cfr-LEO (0.005%, 0.01%, 0.02%, 0.05%). THP-1 M0 cells
were seeded in triplicate at 1 × 104 cells per well into white-walled, opaque assay 96 well plates and
treated for 24 and 48 h with LEO or Cfr-LEO (0.005%, 0.01%, 0.02%, 0.05%). Changes in membrane
integrity that occur as a result of cell death were measured by the CellTox™ Green Cytotoxicity Assay
following the manufactures instructions. The fluorescence, proportional to cytotoxicity, was measured
by Glomax (Promega).

2.6. RNA Isolation and Real-Time PCR

Levels of IL1β, IL6, and TNFα were measured by Real-time PCR. RAW264.7 cells were seeded
at 5 × 104 cells per well in 12-well plates; 24 h after seeding, cells were treated for 2 h with different
concentrations of LEO or Cfr-LEO (0.005%, 0.01%, 0.02%) and then exposed to LPS (500 ng/mL) for 6 h,
without oil removal. THP-1 M0 cells were seeded at 1 × 105 cells per well in 12-well plates and treated
for 2 h with LEO or Cfr-LEO (0.005%, 0.01%) before their exposure to LPS (1 μg/mL) for 6 h, without oil
removal. Levels of BAX, BAD, and BCL-2 were measured by Real-Time PCR in RAW264.7 cells treated
with 0.01% and 0.02% of Cfr-LEO for 24 and 48 h. RNA was isolated using the commercially available
Illustra RNA spin Mini Isolation Kit (GE Healthcare, Little Chalfont, Buckinghamshire, UK), according
to manufacturer’s instructions. Total RNA from RAW264.7 or human THP-1 M0 cells was reverse
transcribed to cDNA using the High Capacity cDNA Reverse Transcription kit (Applied Biosystems,
Foster City, CA, USA). For quantitative SYBR Green Real-time PCR, the reaction was carried out in a
total volume of 20 μL containing 2X SYBR Green I Master Mix (Applied Biosystems), 2 μL of cDNA,
and 300 nM forward and reverse primers. The oligonucleotides used are reported in the Table 1.

Table 1. Oligonucleotides used in Real-Time PCR analysis

Gene Forward Reverse

Murine

GAPDH CCCAGAAGACTGTGGATGG CAGATTGGGGGTAGGAACAC
BCL-2 GGACTTGAAGTGCCATTGGT AGCCCCTCTGTGACAGCTTA
BAX CTGCAGAGGATGATTGCTGA GATCAGCTCGGGCACTTTAG
BAD GAGTCGCCACAGTTCGTACC GGTCCCATCGCACCTAACG
IL6 GAGGATACCACTCCCAACAGACC AAGTGCATCATCGTTGTTCATACA

TNFα CACGTCGTAGCAAACCACCAAGTGGA TGGGAGTAGACAAGGTACAACCC
IL1β CAACCAACAAGTGATATTCTCCATG GATCCAACACTCTCCAGCTGCA

Human

GAPDH ATGGGGAAGGTGAAGGTCG GGGTCATTGATGGCAACAATAT
IL6 GGTACATCCTCGACGGCATCT GTGCCTCTTTGCTGCTTTCAC

TNFα CCAGGCAGTCAGATCATCTTCTC AGCTGGTTATCTCTCAGCTCCAC
IL1β ACAGATGAAGTGCTCCTTCCA GTCGGAGATTCGTAGCTGGAT

Real-time PCR was performed in 48-well plates using the Step-One Real-Time PCR System
(Applied Biosystems). Relative changes in gene expression between control and treated samples
were determined using the ΔΔCt method. Levels of the target transcript were normalized to a
GAPDH endogenous control, constantly expressed in all samples (ΔCt). For ΔΔCt values, additional
subtractions were performed between treated samples and control ΔCt values. Final values were
expressed as fold change.
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2.7. Enzyme Linked ImmunoSorbent Assay (ELISA) Assays

The amounts of IL6 and TNFα in culture supernatants were determined by using mouse IL6- and
TNFα- specific ELISA kits (Thermo Fisher Scientific, Waltham, MA USA).

RAW264.7 cells were seeded at 5 × 104 cells per well in 12-well plates; 24 h after seeding, cells were
treated for 2 h with 0.01% of Cfr-LEO and then exposed to LPS (500 ng/mL) for 6 h, without oil removal.
At the end of the experimental time, the conditioned medium was collected and centrifuged to remove
cellular debris. The ELISA assays were then performed according to the manufacturer’s instructions.

2.8. Measurement of GSH and GSSG in Cells Exposed to Cfr-LEO Treatment

To detect and quantify total glutathione (GSH + GSSG), GSSG and GSH-to-GSSG ratios in THP-1
M0 cells treated with Cfr-LEO, the bioluminescent GSH/GSSG-Glo Assay kit (Catalog number V6611,
Promega, Madison, WI, USA) was used. Cells were seeded at 1 × 104 cells per well into white-walled,
opaque assay 96 well plates, treated for 2 h with Cfr-LEO (0.005% and 0.01%), and then exposed to LPS
(1 μg/mL) for 6 h, without oil removal. After incubation, the bioluminescent GSH/GSSG-Glo Assay
kit was used following the manufacturer’s instructions. Cells were lysed by shaking with an equal
volume of either total or oxidized glutathione reagent for 5 min, and then, cell lysates were incubated
for 30 min with 50 μL of luciferin generation reagent. After the addition of 100 μL of luciferin detection
reagent, plates were equilibrated for 15 min at room temperature. The luminescence (net relative
luminescence unit, RLU) was measured by Glomax (Promega). The results were expressed as the
GSH/GSSG ratio, calculated as follows: GSH/GSSG ratio = (Net total glutathione RLU−Net GSSG
RLU)/(Net GSSG RLU/2).

2.9. Statistical Analysis

Data are represented as means± SD. Comparisons were made using a Student’s t-test. Values were
considered statistically significant when p ≤ 0.05.

3. Results and Discussion

3.1. Characterization of the Fractions Isolated from Citrus limon EO

To exploit at best the use of LEO as a flavoring agent, an aim is to obtain fractions enriched in
compounds responsible for the lemon aroma. With this purpose, within this study, starting from the
whole LEO extracted from winter fruits, we isolated four citral-enriched fractions with an enhanced
lemon flavor.

Overall, 43 compounds, representing more than 99% of the total volatiles, were analyzed by
GC-FID in the whole LEO and in each fraction (Fr). These compounds are listed in Table 2 where the
corresponding Retention time and the % are reported for whole LEO and for 4 out of the 16 isolated
fractions, Fr13, Fr 14, Fr15, and Fr16. These fractions were selected since they were the only in which
neral and geranial (n 26 and 28 in Table 2), the two isomers of citral considered the essence of the lemon
aroma, were enriched.

Table 3 summarizes the percentage trend of the main chemical classes of EOs (Monoterpenes,
Aldehydes, Esters, Sesquiterpenes, Aliphatic Alcohols, Sesquiterpene Alcohols). Reported data show
that within the class of aldehydes, the citral (a mixture of geranial and neral) is the major constituent
and has an increment of about 30% in each of the four selected fractions in comparison to whole LEO;
no differences were revealed for Monoterpenes, Sesquiterpenes, Aliphatic Alcohols, and Sesquiterpene
Alcohols while there was a decrement of Esters. Internal olfactory panel tests have demonstrated that
the fractions Fr13, Fr14, Fr15, and Fr16 enhanced their aroma properties in comparison to whole LEO,
thus indicating that the 30% increase of citral determinates better olfactory characteristics.
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We found that among the three technical replicates of the fractionation process, the percentage of
compounds showing a coefficient of variation (CV%) ≤ 5 was 70% for Fr13, 72% for Fr14, 55.8% for
Fr15, and 72% for Fr16 (Figure S1a) and in all fractions, CV% higher than 20% was not found for
any compound. Overall, these results highlighted that the fractionation process used in this study
ensures high reproducibility. Moreover, as reported in Figure S1b, among the four selected fractions,
the percentage of the compounds including citral (specifically reported in Figure S1c) was comparable.
Thus, according to the equivalent composition of these fractions, we decided to mix them to obtain a
citral-enriched fraction of C. limon EO (Cfr-LEO), characterized by an increase in the aromatic level.
In consideration of the interest that this enriched fraction may have in the food, beverage, and cosmetic
industry, its biological effects were further evaluated.

3.2. Evaluation of Macrophage Cell Viability after Cfr-LEO Exposure

To obtain a comprehensive understanding of the doses to be further used, we carried out two
complementary assays aimed at evaluating both cell viability and cell death.

The results in Figure 1a,b showed that cell treatment with 0.005%, 0.01%, and 0.02% of Cfr-LEO for
24 and 48 h did not affect the RAW264.7 cell viability; instead, a significant decrease in RAW264.7cell
viability after treatment with 0.05% for 24 and 48 h was observed at both time points. No significant
decrease in THP-1 M0 cells viability after treatment for 24 and 48 h with all concentrations of Cfr-LEO
tested was observed. At the same experimental conditions, whole LEO treatment affected both murine
and human macrophage cell viability in a dose and time-dependent manner (Figure 1c,d).

Figure 1. Evaluation of macrophage cell viability after Cfr-LEO and LEO exposure. (a) RAW264.7 and
(b) THP-1 M0 cell viability was measured by MTT assay after 24 and 48 h of treatment with different
concentrations of Cfr-LEO (0.005%, 0.01%, 0.02%, 0.05%). The values were plotted as the percentage
of cell viability versus untreated cells (cn). Values are the mean ± SD of two biological replicates,
each carried out in technical quadruplicates. The statistical significance of the differences between
two groups (cells treated with 0.05% of Cfr-LEO Vs cn) was analyzed using a two-tailed Student’s
t-test. (c) RAW264.7 and (d) THP-1 M0 cell viability were measured by MTT assay after 24 and 48 h of
treatment with different concentrations of LEO (0.005%, 0.01%, 0.02%, 0.05%). The values were plotted
as the percentage of cell viability versus untreated cells (cn). Values are the mean ± SD of two biological
replicates, each carried out in technical triplicates. The statistical significance of the differences between
the two groups (cells treated with LEO Vs cn) was analyzed using a two-tailed Student’s t-test.
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Overall, the results indicate that Cfr-LEO did not exhibit any effect on cell viability at 0.005%, 0.01%,
and 0.02% concentrations for both cell lines tested; interestingly, on human macrophages, the same
compound can be used even at higher concentrations, up to 0.05%. Therefore, the concentrations of
Cfr-LEO ranging from 0.005% to 0.02% were employed for subsequent experiments.

3.3. Evaluation of Macrophage Cytotoxicity after EO Exposure

THP-1 M0 and RAW264.7 cell lines changes in membrane integrity, that occur as a result of cell
death, were measured to exclude cytotoxic effects of Cfr-LEO. Cytotoxicity of RAW264.7 cell lines
after incubation for 24 and 48 h with different concentrations of Cfr-LEO (0.005%, 0.01%, 0.02%, 0.05%)
was evaluated, and the obtained data are presented in Figure 2a. Data showed that treatment with
0.005%, 0.01%, and 0.02% for 24 and 48 h did not exhibit cytotoxic effects on RAW264.7 cell lines, while,
consistent with cell viability assays, a significant increase in RAW264.7 cells toxicity was observed after
exposure with 0.05%.

Figure 2. Evaluation of murine macrophage cytotoxicity after Cfr-LEO and LEO exposure. (a) RAW264.7
cell cytotoxicity was measured by CellTox Green Cytotoxicity Assay after 24 and 48 h of treatment
with different concentrations of Cfr-LEO (0.005%, 0.01%, 0.02%, 0.05%). Values are plotted as Relative
Fluorescence Unit (RFU). Values are the mean ± SD of two biological replicates, each carried out in
technical duplicates. The statistical significance of the differences between two groups (cells treated
with 0.05% of Cfr-LEO Vs cn) was analyzed using a two-tailed Student’s t-test. (b) The effects of Cfr-LEO
treatment (0.01%, 0.02%) on Bcl-2, Bax and Bad transcription were assessed by qRT-PCR. Data are
represented as Bcl-2/Bax and Bcl-2/Bad ratio. Values are the mean ± SD of two biological replicates.
(c) RAW264.7 cell cytotoxicity was measured by CellTox Green Cytotoxicity Assay after 24 and 48 h of
treatment with different concentrations of LEO (0.005%, 0.01%, 0.02%, 0.05%). Values are plotted as
Relative Fluorescence Unit (RFU). Values are the mean ± SD of two biological replicates, each carried
out in technical triplicates. The statistical significance of the differences between two groups (cells
treated with 0.05% LEO Vs cn) was analyzed using a two-tailed Student’s t-test. (d) The effects of LEO
treatment (0.01%, 0.02%) on Bcl-2, Bax, and Bad transcription were assessed by qRT-PCR. Data are
represented as Bcl-2/Bax (two biological replicates) and Bcl-2/Bad (three biological replicates) ratio.
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Several molecular factors such as Bcl-2, Bax, and Bad play a key role in the execution of cells
apoptosis [42]. Therefore, Bcl-2, Bax, and Bad gene expression were determined at the transcriptional
level in RAW264.7 cell line after incubation for 48 h with different concentrations (0.01% and 0.02%) of
Cfr-LEO. In particular, apoptotic gene expression was measured based on Bcl-2/Bax and Bcl-2/Bad
ratio, and the obtained data are presented in Figure 2b. No modulation in the Bcl-2/Bax and Bcl-2/Bad
ratio was observed in RAW264.7 cells treated with both concentrations of Cfr-LEO tested. We observed
a comparable effect of whole LEO on RAW264.7 cell toxicity induction at 0.05% treatment (Figure 2c),
as well as on apoptotic gene expression level (Figure 2d).

The cytotoxic effects of Cfr-LEO and whole LEO were further evaluated on THP-1 M0 cells.
Interestingly, no significant increase in THP-1 M0 cells cytotoxicity after treatment for 24 and 48 h with
all concentrations of Cfr-LEO tested was observed (Figure 3a), while whole LEO treatment significantly
induced THP-1 cell toxicity at 0.02% and 0.05% at both time point analyzed (Figure 3b).

Figure 3. Evaluation of human macrophage cytotoxicity after Cfr-LEO and LEO exposure. (a) THP-1
M0 cell cytotoxicity was measured by CellTox Green Cytotoxicity Assay after 24 and 48 h of treatment
with different concentrations of Cfr-LEO (0.005%, 0.01%, 0.02%, 0.05%). Values are plotted as the
Relative Fluorescence Unit (RFU). Cn: untreated cells. Values are the mean ± SD of two biological
replicates, each carried out in technical duplicates. (b) THP-1 M0 cell cytotoxicity was measured by
CellTox Green Cytotoxicity Assay after 24 and 48 h of treatment with different concentrations of LEO
(0.005%, 0.01%, 0.02%, 0.05%). Values are plotted as the Relative Fluorescence Unit (RFU). Cn: untreated
cells. Values are the mean ± SD of two biological replicates, each carried out in technical triplicates.

Overall, these results, in line with the data on cell viability, confirmed that Cfr-LEO did not exhibit
any cytotoxic effect at 0.005%, 0.01%, and 0.02% for both cell lines tested. Therefore, these doses were
selected for further analysis.

3.4. Protective Effects of Cfr-LEO on LPS-Activated Macrophages

The de-regulation of inflammatory homeostasis, in favor of its over-regulation, along with the
increase in the pro-inflammatory cytokines is associated with the occurrence of age-related diseases
and aging itself [43–45]. This phenomenon is known as “Inflammaging” [46,47] and is correlated to
the increase of TNF-α, IL-1β, and IL-6. Therefore, enhancing the anti-inflammatory response of the
organism is critical for healthy aging.

Citrus EOs have largely been described for their anti-inflammatory properties [22,23,48] often
related to the ability to induce a reduction of TNFα, IL1β, and IL6 levels [22,49]. Citrus medica EO,
mostly containing limonene and γ-terpinene, reduced LPS-induced pro-inflammatory cytokines in
murine macrophages; these effects occur simultaneously with the inhibition of the transcription factor
NF-kB [49].

Macrophages play a key role in both specific and non-specific immune responses during
inflammation [50]. Following activation by LPS, several pro-inflammatory cytokines are secreted and
oxidative stress induced. Overproduction of these intermediaries is involved in different inflammatory
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diseases and cancer [51,52], indicating that the inhibition of macrophage activation could be an
important target for inflammatory disease treatment.

To investigate whether Cfr-LEO exhibits protective effects against LPS-induced macrophage
activation, we analyzed the effects of Cfr-LEO on the modulation of inflammatory mediators (IL6,
IL1β, and TNFα) at the transcriptional level as well as on the GSH/GSSG ratio. In particular, as shown
in Figure 4a, the pre-treatment of RAW264.7 for 2 h with each concentration of Cfr-LEO (0.005%, 0.01%,
0.02%), before their exposure to LPS for 6 h, significantly inhibited the production of pro-inflammatory
mediators (IL6, IL1β, and TNFα) compared to the 6-h LPS-treated cells. Similarly, the pre-treatment of
THP-1 M0 with Cfr-LEO (0.005%, 0.01%) inhibited the production of LPS-induced pro-inflammatory
mediators IL6 and, TNFα, while we did not observe a reduction of IL1β Figure 4b. We observed a
comparable effect of whole LEO in inhibiting the expression of inflammatory mediators in LPS-induced
murine macrophages (Figure 4c), while, at the same doses whole LEO is not effective on human THP-1
macrophages (Figure 4d). The reduction of IL6 and TNFα in RAW264.7 pre-treated with 0.01% of
Cfr-LEO, before exposure to LPS, was also confirmed at the protein level (Figure 4e).

Figure 4. Anti-inflammatory effects of Cfr-LEO and LEO on LPS-activated macrophages.
The anti-inflammatory effects of Cfr-LEO and LEO treatment on IL6, IL1b, and TNFα transcription
levels were assessed by qRT-PCR analyses. (a) RAW264.7 cells were treated for 2 h with Cfr-LEO
(0.005%, 0.01%, 0.02%) and then exposed to LPS for 6 h. Values are the mean ± SD of three biological
replicates. (b) THP-1 M0 were treated for 2 h with Cfr-LEO (0.005%, 0.01%) and then exposed to
LPS for 6 h. Values are reported as Fold change versus cells treated with LPS (dashed line). Values
are the mean ± SD of three biological replicates for IL6 and TNFα of five biological replicates for
IL1β. The statistical significance of the differences between two groups (cells treated with LPS Vs cells
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pre-treated with Cfr-LEO + LPS) was analyzed using a two-tailed Student’s t-test. (c) RAW264.7 cells
were treated for 2 h with LEO (0.005%, 0.01%, 0.02%) and then exposed to LPS for 6 h. (d) THP-1 M0
were treated for 2 h with LEO (0.005%, 0.01%) and then exposed to LPS for 6 h. Values are reported
as Fold change versus cells treated with LPS (dashed line). Values are the mean ± SD of three to six
biological replicates The statistical significance of the differences between two groups (cell treated with
LPS Vs cells pre-treated with LEO + LPS) was analyzed using a two-tailed Student’s t-test. (e) IL6 and
TNFα protein levels were measured by ELISA in the conditioned medium of RAW264.7 cells treated for
2 h with Cfr-LEO (0.01%) and then exposed to LPS for 6 h. Values are plotted as Fold change versus cell
treated with LPS. Values are the mean ± SD of three biological replicates. The statistical significance of
the differences between the two groups (cells treated with LPS Vs cells pre-treated with Cfr-LEO + LPS)
was analyzed using a one-tailed Student’s t-test.

Overall, these data demonstrated that the pre-treatment of macrophages with Cfr-LEO reduces
the expression of the pro-inflammatory cytokines TNF-α, IL-1β, and IL-6 induced by LPS. Interestingly,
since the assays we have described were performed by using both Cfr-LEO and whole LEO, we can
conclude that the enrichment in citral does not alter the well-known anti-inflammatory properties of
the whole LEO [22,49].

According to the literature, chronic inflammation is associated with the phenomenon of oxidative
stress, caused by the imbalance between the production of reactive oxygen species and the activities of
defense systems [53]. EOs are described as natural antioxidant compounds since they exert protective
effects by increasing the cellular GSH levels [54] and the GSH/GSSG ratio [55]. In view of these effects,
the combined administration of EOs with drugs already used in clinics may reduce the toxic effects
produced by therapeutics. For example, EOs from fennel, clove, and cumin reduced the hepatotoxic
effects of cyclophosphamide also by increasing GSH levels [54].

Here we also evaluated the capability of Cfr-LEO to contrast the oxidant effects of LPS in human
macrophages by performing the GSH/GSSG assay. GSH/GSSG is considered a key indicator of
oxidative stress [56,57]. In particular, the increase in the ratio indicates a decrease in cellular oxidative
stress [58–60]. As shown in Figure 5, we found that in LPS-treated THP1 M0 cells the pre-treatment
for 2 h with Cfr-LEO induced the increase of the GSH/GSSG ratio compared to no pre-treated cells,
indicating the ability of Cfr-LEO to counteract the LPS-induced oxidative stress.

Overall, these results suggest that Cfr-LEO can elicit anti-inflammatory and anti-oxidant activities
in LPS-stimulated macrophages, providing a rationale to consider its potential role of protective agent
against inflammation stimuli.

Figure 5. Anti-oxidant effect of Cfr-LEO. The anti-oxidant effects of Cfr-LEO treatment (0.005%, 0.01%)
was evaluated by GSH/GSSG-Glo Assay. THP-1 M0 were treated for 2 h with Cfr-LEO (0.005%, 0.01%)
and then exposed to LPS for 6 h. Values are expressed as the GSH/GSSG ratio, calculated as follows:
GSH/GSSG ratio = (Net total glutathione RLU−Net GSSG RLU)/(Net GSSG RLU/2). Values are the
mean ± SD of 2 independent experiments.
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4. Conclusions

To date, the interest of the nutraceutical industry is to use natural compounds that possess both
biological and organoleptic properties, conferred for example by citral enrichment. Therefore, in this
study, we have selected and mixed four fractions with analogous composition, showing enrichment in
citral, and we highlighted their beneficial properties.

In conclusion, we demonstrated that the mix of the four citral-enriched fractions of lemon essential
oil (Cfr-LEO), reduces the expression of pro-inflammatory mediators and decreases oxidative stress in
murine as well as human macrophage cells. Therefore, having evaluated its non-toxicity and beneficial
properties, we suggest that Cfr-LEO, which can certainly be applied in the agri-food industry because
of its organoleptic properties, can also represent a preventive tool for improving human health.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-8158/9/9/1290/s1,
Figure S1: Evaluation of the reproducibility of the fractionation process. (a) The analysis of the coefficient of
variation (CV %) for the three replicates. (b) Graph showing the percentage of each compound in the four
examined fractions. Each point represents the mean ±SD of the three independent replicates of the fractionation
process. (c) The histogram represents the mean ±SD of the percentage of citral in the selected fractions. Values are
the mean of three independent replicates of the fractionation process.
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Abstract: Official regulations concerning the maximum number of substances in food are introduced
as a consequence of possible adverse effects, after oral administration. In this regard, analytical
methods are necessary in order to determine specific targets. Among oxygen heterocyclic compounds
(OHCs, that are furocoumarins, coumarins and polymethoxyflavones), only coumarin is subject
to restriction by the Regulation (EC) No 1334/2008 of the European Parliament. Furocoumarins are
known for their phototoxicity and other side effects due to their dietary intake; however, an official
limit about the maximum content of these compounds in food is still missing. The lack of information
about the real amount of these compounds in food is responsible for the conflicting opinions about
the introduction of an official limit. The HPLC-MS/MS method here proposed, in combination with
the linear retention index system, represents an innovative analytical strategy for the characterization
of OHCs in citrus beverages. Several types of drinks were analysed in order to quantify 35 OHCs in
total. This method is suitable for the quality control of OHCs in food and the obtained results may be
considered as informative data useful for the regulatory authorities in the emission of new opinions
and for a potential new regulation in this field.

Keywords: beverages; Citrus; coumarins; furocoumarins; polymethoxyflavones; linear retention
indices; liquid chromatography; tandem mass spectrometry; multiple reaction monitoring; qual-
ity control

1. Introduction

Furocoumarins (FCs) are secondary plant metabolites produced in response to attack
by pests and to stressful challenges. They are particularly prevalent in the Apiaceae,
Umbelliferae [1,2], Fabaceae and Rutaceae [3] families. Edible fruits and vegetables may
also contain FCs, e.g., parsnips (Pastinaca sativa), in which the highest content of FCs was
detected [4].

Among Rutaceae botanical species, FCs are characteristic compounds of citrus peel [5].
Recently, 61 citrus species, chosen as representatives of the genetic diversity of the species,
were analysed to determine the contents of these compounds in peels and pulps [6].
Among them, a large amount of FCs was found in grapefruit (Citrus Paradisi), where they
are responsible for the so called “grapefruit juice effect”, which consists of the dangerous
interaction with drug metabolism, specifically in the inhibition of the enzymes involved in
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the catabolism of some medications; thus, enhancing their activity and causing serious side
effects [7].

FCs are contained in citrus fruits together with polymethoxyflavones (PMFs) and
coumarins (Cs), the latter also contained in several spices, especially cinnamon. Cs, Fs and
PMFs share a similar chemical structure and are named with the common definition of
oxygen heterocyclic compounds (OHCs).

All these chemical classes have been widely investigated for their wide range of
biological activities. The health effects related to the consumption of PMFs are known
enough to make them interesting nutraceuticals for dietary supplements [8].

Furocoumarins inhibit the calcium channel, reduce platelet aggregation [9], induce
apoptosis in human promyelocytic leukaemia [10] and show hepatoprotective effects [11].
Imperatorin has been reported to have numerous potent pharmacological actions, includ-
ing anti-inflammation [12], anti-bacterial [13], anti-allergic [14], beneficial cardiovascular
effects [15–17], neuromodulation [18–20] and is able to induce apoptosis in human promye-
locytic leukaemia and HL-60 cells [10]. Effects of angelicin against postmenopausal osteo-
porosis were demonstrated [21]. Bergapten and imperatorin also share in vitro anti-diabetic
effects [22]. The FCs found in grapefruit juice show antioxidation, anti-inflammatory and
inhibitory activities on breast cancer cell growth, especially bergaptol and bergapten [23].
Different components of bergamot oil showed in vitro activity against neuroblastoma cell
growth [7].

Similarly, coumarins possess anti-inflammatory, anti-mutagenic, anti-tumorigenic
and antioxidant properties [24–26], moreover have remarkable activities as antihistamine,
spasmolysis, inhibition of insulin-induced lipogenesis, antibacterial [1] and anticancer,
by acting as inhibitors of tumorigenesis as demonstrated in vivo [27,28] and in vitro [29].
However, in some cases, they showed hepatic [30,31] and pulmonary toxicity [32].

Indeed, as largely reported, Cs and FCs possess several beneficial properties. However,
recent studies are focused on the evaluation of the adverse effects as a consequence of their
dietary intake.

Among Cs, coumarin is the most investigated because of the harmful effects conse-
quent to its dietary intake [32]. Currently, the legal provision concerning this field is the
Regulation (EC) No 1334/2008 of the European Parliament and of the Council of 16 December
2008 on flavourings and certain food ingredients with flavouring properties for use in
and on foods, which includes only coumarin in Annex III, indicating the maximum level
permitted in several foods (bakery ware, cereals and desserts) [33]. Most recently [34],
the European Food Safety Authority (EFSA) concluded to maintain the tolerable daily
intake (TDI) of 0.1 mg coumarin/kg [35] already established in the 2004 opinion [36].
According to the official regulation, the content of coumarin was already determined in
many food matrices [31,37]. Whereas, for the Food and Drug Administration (FDA), “food
containing any added coumarin as such or as a constituent of tonka beans or tonka extract
is deemed to be adulterated” according to Title 21—Food and Drugs Chapter I—Food and
Drug Administration Department of Health and Human Services.

No limits are imposed on the content of FCs in food, but as mentioned above, they can
seriously affect drug metabolism due to the inhibition of the isoform CYP3A4 of cytochrome
P450 [38] and the inhibition of efflux transporters [39]. The increase in bioavailability of
many drugs can lead to cardiac disorders and respiratory depression [6]. Moreover, FCs
have for a long time been known for their phototoxic reactions [40–42], such as phytophoto-
dermatitis [43], due to the formation of intermediates which react with nucleophilic groups
such as DNA, RNA and proteins [44].

The bioavailability of dietary FCs ranges from 54 to 81% [45] and there are many evi-
dences about their distribution in the skin [46,47], meaning that also the oral administration
of FCs may lead to skin pathologies after UV exposure.

Already in 1986, the International Agency for Research on Cancer (IARC) added
8-methoxypsoralen (8-MOP) into the group one list, as carcinogenic to humans. Despite
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the European Medicines Agency [48] and the European Food Safety Authority’s [49]
suggestions, the European Parliament did not impose any limit of their content in food.

However, taking into account all the evidence cited above, the characterization of Cs
and FCs in food and beverages is a topic of great interest. Until now, HPLC-DAD methods
were widely applied for the quality control of citrus essential oils [50,51]. However, in
derived food or cosmetics products, viz. for target analysis in complex samples, more
sensitive and selective methods are needed, mainly based on the use of tandem MS systems
that allow to achieve low limits of quantification (LOQ) [1,2,20,52–55].

The most comprehensive study about the content of FCs in food was carried out by
Melough and co-workers, by using an UPLC-MS/MS system [54] to determine seven major
FCs in 19 different foods, some of them already investigated [3].

The aim of the present work is to achieve the comprehensive determination of a total of
35 OHCs, among Cs, Fs and PMFs in different beverages, by using a novel HPLC-MS/MS
method with an embebbed linear retention index (LRI) approach.

The LRI system is routinely used in gas chromatography since it has been introduced
for the first time [56]; it was abandoned after a few attempts in LC due to a poor repeata-
bility at inter-laboratory levels [57]. Recently, it was re-proposed in our laboratory for
the identification of lipids [58] and OHC compounds [51,52,59] through LC methods com-
bined with different detection systems, being confident about the highest batch-to-batch
reproducibility of LC columns and instrumentations achieved in the last years. Indeed, the
built LRI databases proved to be stable in different instrumental setups [51,52,55]. Within
this context, the present research was aimed to characterize several citrus beverages and
a marmalade sampled by HPLC-MS/MS; thus, combining the use of an MS/MS library
and the LRI database for a reliable identification, even at trace level, below the limit of
identification of the common UV detectors. Quantification was performed in Multiple
Reaction Monitoring (MRM) mode by external calibration for all the 35 target OHCs. The
obtained data add useful information to evaluate the FC dietary intake and the related
risk assessment.

2. Materials and Methods

A total of 41 standards among OHCs and alkyl aryl ketones used as reference homo-
logue series for the building of the LRI database were furnished by Merck Life Science
(Merck KGaA, Darmstadt, Germany). The full names are provided in Table 1. Tetrahy-
drofuran (THF), ethyl acetate and ethanol, all HPLC grade, water and methanol both
UHPLC-MS grade were provided by Merck Life Science. OHC solutions were prepared by
using ethanol as a solvent, whereas alkyl aryl ketones were dissolved in acetonitrile. All
standards and stock solutions were maintained at −18 ◦C before use.

Table 1. MRM conditions (transition, voltages and collision energies). Q, quantifier ion; q, qualifier ion; CE, collision energy,
and inter-sample LRI average (Δ LRI) for all the analytes in comparison with tabulated values. SIM, Single Ion Monitoring.

Compound Class
MRM Transitions Tabulated

LRI

Inter-Sample
LRI Average

Δ LRI
(M + H)+ Q (CE) q (CE)

Target compounds
Meranzin hydrate C 279 189 (−17) 261 (−7) 783 781 2

Herniarin C 177 121 (−21) 77 (−25) 799 801 2

Byakangelicin FC 317
334.7 231 (−19) 233 (−13)

174.95 (−31) 825 824 1

8-methoxypsoralen FC 217 202 (−21) 174 (−25) 837 830 3
Psoralen FC 187 131 (−21) 77 (−40) 842 844 2
Angelicin FC 187 131 (−25) 77 (−35) 853 854 1

Oxypeucedanin hydrate FC 305 203 (−20) 147 (−32) 864 861 3
Citropten C 207 192 (−20) 163 (−15) 874 874 0

Isopimpinellin FC 247 217 (−25) 232 (−18) 884 886 2
Meranzin C 261 189 (−15) 131 (−29) 886 885 1

Isomeranzin C 261 189 (−17) 131 (−30) 900 900 0
Heraclenin FC 287 203 (−17) 147 (−33) 904 907 3
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Table 1. Cont.

Compound Class
MRM Transitions Tabulated

LRI

Inter-Sample
LRI Average

Δ LRI
(M + H)+ Q (CE) q (CE)

Bergapten FC 217 202 (−19) 174 (−25) 911 912 1
Sinensetin PMF 373 343 (−30) 312 (−21) 937 938 1

Isobergapten FC 217 202 (−21) 174 (−26) 940 942 2
Byakangelicol FC 317 218 (−29) 175 (−25) 950 954 4

Oxypeucedanin C 287 203 (−18) 59 (−38) 974 971 3
Nobiletin PMF 403 373 (−34) 327 (−31) 1016 1017 1

Tetra-O-methylscutellarein PMF 343 313 (−30) 282 (−25) 1027 1029 2
Trioxsalen FC 229 142 (−25) 173 (−22) 1076 1075 1

Imperatorin FC 271 203 (−15) 147 (−31) 1082 1079 3
Tangeretin PMF 373 343 (−30) 211 (−34) 1087 1085 2

Epoxyaurapten C 315 163 (−16) 107 (−25) 1096 1096 0
5-O-demethylnobiletin PMF 389 359 (−30) 341 (−27) 1100 1102 2

Phellopterin FC 301 233 (−14) 218 (−30) 1104 1105 1
Cnidilin FC 301 233 (−15) 218 (−28) 1129 1126 3

Gardenin A PMF 419 389 (−32) 371 (−28) 1130 1134 4
Isoimperatorin FC 271 203 (−15) 147 (−31) 1159 1160 1

Epoxybergamottin FC 355 203 (−18) 215 (−19) 1166 1162 4
Gardenin B PMF 359 329 (−29) 311 (−25) 1172 1170 2

Cnidicin FC 355 219 (−16) 173(−32) 1303 1305 2
8-geranyloxypsoralen FC 339 203 (−25) 95 (−25) 1316 1316 0

Aurapten C 299 163 (−15) 107 (−40) 1336 1339 3
Bergamottin FC 339 203 (−14) 147 (−35) 1355 1358 3

5-geranyloxy-7-methoxycoumarin C 329 193 (−20) 149 (−25) 1364 1366 2

Homologous series SIM (M − H)+

Acetophenone AAK 121 800
Propiophenone AAK 135 900
Butyrophenone AAK 149 1000
Valerophenone AAK 163 1100

Hexanophenone AAK 177 1200
Heptanophenone AAK 191 1300

2.1. Samples and Sample Preparation

Three bergamot alcoholic beverages, a lemon and a bergamot commercial juices, an
Earl grey tea, a citrus infusion (composed of different dried fruits, not specified on the
label) and a lemon marmalade were bought in a local market.

A home-made limoncello was prepared by ethanol maceration of the lemon peels for
around 30 days, then the extract was added to water and sugar.

Juices were centrifuged at 3000 rpm for 5 min (bench top centrifuge, Neya 16R) to
remove the pulp, then the supernatant was injected without further pre-treatment. All
other samples were subjected to liquid–liquid extraction with ethyl acetate. In particular,
10 mL of alcoholic beverages and 150 mL of infusions were extracted with 10 mL and 50 mL
of solvent, respectively. The extraction was carried out by manual shaking in a separatory
funnel, the aqueous or hydro-alcoholic phase was iteratively extracted three times with
the same amount of ethyl acetate. The three ethyl acetate phases were pooled and dried
through a rotary evaporator (Envì EZ-2, Genevac, Ipswich, UK), applying a pre-set method
called “low boiling point”.

Infusions were prepared by adding 150 mL of boiling water to one sachet, containing
two grams of dried material. The infusion time was 5 min.

In the case of marmalade, 10 g of the product were weighed directly in a falcon, added
to 10 mL of ethyl acetate and sonicated for 15 min (frequency, kHz 80); the mixture was
filtered and the residue was extracted again. The procedure was repeated one more time.

The supernatans were pooled and dried through the Envì EZ-2 rotary evaporator,
applying the “low boiling point” method.

All the residues were dissolved in 1 mL of ethanol before the HPLC-MS/MS analysis
and three replicates were performed.
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2.2. Instrumental and Analytical Conditions

The instrumental setup and the employed method were the same previously devel-
oped and validated [52].

The instrument was a Nexera X2 system coupled with a triple quadrupole mass
spectrometer LCMS-8060 (Shimadzu, Duisburg, Germany) via an APCI interface set in
positive ionization mode. The chromatographic system was equipped with two LC-30AD
pumps, a SIL-30AC autosampler, a DGU-20A5R degassing unit and a CTO-20AC oven.
The separation was achieved by using an Ascentis Express C18 column (50 × 4.6 mm,
2.7 μm) provided by Merck. The mobile phase was A) water/methanol/THF (85:10:5, v:v:v)
and B) methanol/THF (95:5, v:v). The chromatographic run was carried out at a flow rate
of 2 mL min−1 and a temperature of 40 ◦C in gradient mode according to the following
program: 0–4.5 min, 15–28% B; 4.5–7.0 min, 28–60% B; 7.0–11.0 min, 60–85% B, hold for
3 min. The injection volume was 2 μL.

The MS system operated in both full scan and MRM acquisition mode to ensure
both untargeted and targeted analyses, in full scan and MRM mode, respectively. MS
parameters were as follows: interface temperature was set at 450 ◦C; desolvation line (DL)
and heat block temperatures were both 300 ◦C; nebulizing and drying gas flow were 3 and
15 L/min, respectively; the pressure of the CID gas was 270 kPa. The mass spectral range
was 150–450 m/z for the untargeted analysis, while the targeted analysis was carried out
in MRM mode through a synchronized method, which set specific acquisition windows
according to the retention time of each target, and by applying a dwell time of 20.0 ms. In
this way it was possible to obtain 10 scan per peak, as required for a correct quantification.
Instead, the homologous series was analysed in Single Ion Monitoring positive mode
(SIM+). The m/z monitored for the alkyl aryl ketones was: m/z 121, m/z 135, m/z 149, m/z
163, m/z 177, m/z 191 for acetophenone, propiophenone, butyrophenone, valerophenone,
hexanophenone and heptanophenone, respectively. Target analytes (Cs, FCs and PMFs)
were detected in MRM acquisition mode.

Taking into account the sensitivity of the MRM detection, the carry-over phenomenon
was considered by injecting a reagent blank, represented by 2 μL of pure ethanol be-
tween two consecutive sample analyses, in order to evaluate the efficacy of the washing
gradient step.

2.3. Qualitative and Quantitative Analysis

Peak identification was carried out by complementarily using the MS/MS library and
the LRI database, as reported in the previous work [52]. The homologous series of alkyl
aril ketones was injected before the samples and used for the calculation of the LRI values
by means of the following equation, according to the Van den Dool and Kratz theory and
as previously reported [51,52,59]:

LRI = 100 ×
[

z +
tRi − tRz

tR(z+1) − tRz

]
(1)

where z is the carbon number of the alkyl aryl ketone eluted before the analyte, tRi, tRz and
tR(z+1) are the retention times of the analyte and the alkyl aryl ketones eluted before and
after the analyte.

A new software, namely ChromLinear (Chromaleont, Messina, Italy) version 1.0,
developed ad hoc for LRI database handling in LC [60], was employed for a fast and
automatic peak identification. The software is able to perform a dual-filter search, thus,
excluding from the list of compounds with a high spectral similarity (minimum direct and
reverse match were both set at a value of 800; they are calculated based on the NIST MS
search algorithm), those falling out the window of ±4 LRI units.

The quantification was based on the creation of calibration curves built in MRM mode
for all standards [52].
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3. Results

Figures 1 and 2 show the qualitative profiles of two beverage samples, the home-made
limoncello and the bergamot juice, respectively. The enlargement of the figure shows the
components contained in a low amount, which were quantitatively determined through
the sensitivity of this technique.

The full scan acquisition mode was used to verify potential co-elutions with the target
compounds during the validation process. Table 1 reports the MRM transitions applied
for the MS acquisition and the inter-sample LRI average for all the analytes in comparison
with the tabulated values. The LRI system was applied for the unambiguous identification
of target compounds as a library filter. A maximum difference of four units was obtained
for all the compounds, thus, pointing out a satisfactory reproducibility of the LRI approach.
For the first time, a novel software, ChromLinear, was applied to MS/MS analyses and the
identification was automatically performed by match with MS/MS libraries in combination
with the LRI database. As an example, Figure 3A shows the spectral similarity search results
obtained for peak three (bergapten), pointing out that a list of three candidates was obtained,
due to the fact that three isomers are characterized by quite identical fragmentation (same
precursor and product ions, both quantifier and qualifier). The application of the additional
LRI filter allows the univocal identification due to the automatic exclusion of two isomers
characterized by a totally different retention index (Figure 3B). It is noteworthy that the use
of the simple retention time could not represent a solution since at inter-laboratory levels
or in different periods the retention time could be quite different, while it was already
demonstrated that the LRI remains constant because of the normalization effect of the
reference homologue series.

Figure 1. HPLC-MS/MS (MRM acquisition mode) chromatogram of the home-made limoncello. Quantifier ion, continuous
line; qualifier ion, dotted line. For peak identification see Table 2.
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Figure 2. HPLC-MS/MS (MRM acquisition mode) chromatogram of the bergamot juice. Quantifier ion, continuous line;
qualifier ion, dotted line. For peak identification see Table 2.

The validated method ensured a wide linearity range thanks to the application of the
weighing factor, in order to correct the data heteroscedasticity. LOQ were in the range of
0.0003 and 0.009 mg L−1 for most compounds, except for a few exceptions (e.g., nobiletin,
0.0740 mg L−1). Recovery was satisfactory at four levels of concentration tested. More
details about the validation parameters are available in the previous study by Arigò and
co-workers [52].

Table 2 reports the amounts of OHCs contained in all the samples analysed.
In agreement with the study carried out by Dugo and co-workers [61], bergamot juice

resulted in the richest sample with a total amount of 31 mg/L of OHCs, mostly represented
by bergamottin and bergapten, 19 and 10 mg/L, respectively. Whereas the lemon juice
showed a total of 1.64 mg/L among FCs, Cs and PMFs.

As for alcoholic drinks, the maceration of lemon flavedo in ethanol, as the traditional
procedure to prepare limoncello in southern Italy, seems to extract a notable amount of
OHCs. In particular, the most representative are FCs with a total of 24 mg/L, mainly
8-geranyloxypsoralen, bergamottin, biakangelicin, and oxypeucedanin hydrate (6.3, 3.9, 3.9
and 3.7 mg/L, respectively). Citropten (4.0 mg/L) and 5-geranyloxy-7-methoxycoumarin
(2.9 mg/L) constitute almost the overall total for Cs, equal to 6.9 mg/L. The amount of
biakangelicin, oxypeucedanin hydrate and citropten quantified in this sample of limoncello
are very similar to those reported by Dugo [61] for another home-made limoncello samples.
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Figure 3. (A) Spectral similarity search results and (B) dual-filter search results for peak 3 (bergapten).

Three different commercial bergamot alcoholic beverages were analysed in this study.
The samples were purchased in local markets sited in Calabria, the only region where
Citrus bergamia Risso plants are grown. Commercial bergamino samples gave very different
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results, pointing out the differences due to the production process or to the use of different
ingredients. The samples showed a very different OHC composition with a total of 16.3,
7.5 and 3.5 mg/L for bergamot beverage A, B and C, respectively. In all cases, much of the
total was represented by FCs, 14.0, 4.0 and 2.0 mg/L for sample A, B and C, respectively.
Bergamottin and bergapten were the most abundant FCs in all products. Citropten was
the major coumarin in all the samples (0.94, 0.58, 0.51 mg/L for sample A, B and C
respectively), followed by 5-geranyloxy-7-methoxycoumarin (0.19, 0.16, 0.28 mg/L for
sample A, B and C, respectively). Sample B is characterized by the presence of meranzin
hydrate and isomeranzin in quite high amounts, 0.59 mg/L and 0.42 mg/L, respectively;
both compounds were not detected in the other bergamot liqueurs.

PMFs were different both in qualitative and quantitative composition and the total
amount was very low for all samples. Nobiletin was the most abundant PMF in sample B
(0.92 mg/L) whereas sinensetin was the most present (0.97 mg/L) in sample A, followed by
tetra-O-methylscutellarein (0.11 mg/L). Likely, OHCs extracted from the flavedo of citrus
through a maceration process should reflect the OHC profiles of the corresponding peels
than of the essential oils. In this regard, sample A was that one which better corresponds
to the OHC composition of the bergamot cold-pressed essential oil [50,52].

A total of OHCs equal to 0.02 mg/L was quantified in the tea, whereas around
0.6 mg/L was found in the citrus peel infusion. Among the classes of OHC in the infusion,
the main was PMFs.

Table 2 also reports the quantitative data for the lemon marmalade, while Figure 4
shows its MRM chromatographic profile. Byakangelicin is the most abundant compound
(16.3 mg/kg) and together with oxypeucedanin hydrate (12.4 mg/kg) represents the main
constituents of the FC class, resulting in a total of 29.9 mg/kg. Citropten is the main
coumarin (13.5 mg/kg) and some PMFs are contained, but in a low amount.

Figure 4. HPLC-MS/MS (MRM acquisition mode) chromatogram of the lemon marmalade. Quantifier ion, continuous line;
qualifier ion, dotted line. For peak identification see Table 2.
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Recently, the same approach was successfully applied to characterize OHCs in flavoured
citrus beer, also in order to prevent food fraud by comparing the volatile profile of the
samples with the not volatile composition [52].

4. Discussion

Several scientific articles conclude that there is a lack concerning the in-depth charac-
terization of FCs in foodstuff [40,41,54,62,63].

The object of this research was based on the analysis of several drinks, which can
cause the ingestion of considerable amounts of FCs.

The analytical strategy applied in this study was the HPLC-MS/MS method pre-
viously developed and successfully applied for the quality control of FCs in beers and
cosmetics [52,55]. The sensitivity of the MRM acquisition mode guarantees the correct
quantification of OHCs at a very low concentration level. Moreover, the main novelty of
this approach arises in the use of the LRI system in combination with MS libraries for the
rapid and unambiguous identification of the targets.

We focused the sampling mainly on citrus drinks because OHCs are contained espe-
cially in the fruit of this botanical genus. The OHC profile is different depending on the
species and the part of the fruit considered, i.e., peel or pulp.

The bergamot fruit is used mainly for the production of essential oil, then the rest
of the fruit is generally considered waste [64]. However, in the last years, the production
of bergamot beverages is increasing and the consequent dietary intake of FCs should be
carefully evaluated.

In order to characterize bergamot fruit and its by-products, in 2016 Russo and co-
workers [64] reported a total amount of OHCs in bergamot juice equal to 60 mg/kg, where
bergapten and bergamottin were 22 and 37 mg/kg, respectively. The total amount of OHCs
in peels was equal to 474 mg/kg, mainly represented by bergapten and bergamottin 219
and 217 mg/kg, respectively.

Flavoured bergamot drinks can be produced by using the essential oil, the juice or the
peel of the fruit as ingredients of the preparation, leading to a different content of OHCs.
For instance, the maceration of bergamot peels with ethanol, as a traditional method to
prepare bergamino liqueur, leads to a high content of FCs, as a consequence of the bergapten
and bergamottin amounts in the flavedo. Often, commercial alcoholic beverages are not
produced by maceration of the bergamot peels, but through the addition of distilled or
cold-pressed bergamot essential oils, in this case the amount of OHCs is directly related to
the type and the amount of the essential oil used. When distilled essential oils are used,
the FC content should be negligible, while for cold-pressed essential oil the content of FCs
could grow up to thousands of mg/L.

The same consideration can be applied to other types of beverages flavoured with
different species of citrus essential oils (lemon, lime, grapefruit), with the exception of
beverages flavoured with orange and mandarin essential oils [8,65] that do not contain FCs.

According to the last toxicological evaluation [38–42], the quality control of these
compounds in food represents an emerging subject and the development of an analytical
method suitable for this purpose is a challenge. The information derived by the characteri-
zation of several types of beverages provides a starting point to discuss the dietary intake
of FCs and below which value it can be considered safe.

Versari and co-workers performed the characterization of twelve Limoncello liqueurs
provided from commercial sources; only six OHCs were detected and quantified [66].
The most recent evaluation of the FC amount contained in a variety of citrus drinks was
realized by Gorgus and co-workers [67]. The dietary intake of FCs caused by the ingestion
of grapefruit juice was estimated to be higher compared to those caused by the ingestion of
other citrus-containing beverages. However, only a few compounds were investigated in
this study [67].

Our group already carried out research about the determination of OHCs in citrus
products by HPLC with UV detection [61]. In that study, different citrus beverages were
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analysed, but the results obtained were strictly related to the low sensitivity of the detector
employed. In particular, 27 OHCs were investigated in a commercial Earl Grey tea, two
laboratory-made juices (lemon and bergamot), a home-made limoncello and two commercial
bergamino liquors. Limoncello resulted the qualitatively richest, whereas the bergamot juice
was surprisingly the most abundant from the quantitative point of view. This depends on
the ingredients used for the commercial drinks; in fact, despite the traditional preparation
being based on the maceration of flavedo with alcohol which should correspond to the high
extraction of FCs, the industrial products may be prepared by using essential oils or juices,
explaining the lower amounts of FCs detected in limoncello compared to the bergamot juice.

The variables responsible for the differences in the OHC quali-quantitative profile
of the analysed samples are numerous. The ingredients of the preparation play the key
role on the target composition in the samples. In facts, whereas home-made limoncello and
bergamino are prepared with the traditional recipe which is based on the flavedo maceration
with ethanol, the commercial liqueurs may contain essential oils (cold-pressed or distilled),
alcoholic extracts and/or juice.

As for infusion products, the quantification of OHCs, especially FCs, has attracted
special interest, following a case report published in The Lancet journal in 2002 [68]. In this
article, the abundant and continuous assumption of earl grey tea was clearly connected
with neurologic adverse effects. The reason was attributed to bergapten, which is contained
in the bergamot essential oil added to black tea, to confer the characteristic aroma. The
author’s conclusion was that “even tea may lead to health problems if flavoured and
consumed in extraordinarily high quantities”.

In this research, an earl grey tea and a citrus fruit infusion were also taken into
account. Both samples were extracted prior to the analysis in order to concentrate the
target compounds, which are contained in low amounts mainly because of their low
water solubility, then the calculated concentrations (above the LOQ) were corrected for
the dilution factor. The infusion of dried citrus peels resulted richer, than the earl grey tea,
both in FCs and total OHCs. This means that the powder could be composed mainly of
dried peels of mandarin and orange fruits. The reason is that often, to avoid the presence
of FCs, peels of sweet orange or mandarin fruits are preferred, also for the lower price and
especially for their sweet taste compared to other types of citrus fruit.

In this sample of earl grey tea, the amounts of bergamottin and bergapten were very
low. The ingredients of the product, in particular the essence used to flavour the black tea,
were not specified on the label, as it often happens, but we can suppose that the producers
used cold-pressed essential oils, which justifies the presence of OHCs.

To summarize, among the beverages analysed, bergamot juice was the richest in FCs,
followed by the home-made limoncello, with 29 and 24 mg/L, respectively.

Moreover, for the absolute amounts of the targets in the samples, it is important to
consider the type of drink, which is correlated with the volume generally ingested.

For instance, the consumption of 20 mL of limoncello makes 0.6 mg of FCs, but drinking
200 mL of juice causes the makes 4.8 mg of FCs.

A dietary intake of around 20 g of marmalade causes the ingestion of 0.6 mg of FCs.

5. Conclusions

Due to the lack of detailed data about the content of FCs and Cs in food, the opinions
regarding the maximum admitted level are still varied and contrasting, consequently an
official regulation is still missing.

This HPLC-MS/MS method, characterized by the application of the LRI system
combined with the MS libraries, was successfully applied to determine three different
classes of OHCs in different citrus beverages and marmalade, representing a significant
step forward with respect to previous works which are mainly focused on a limited number
of compounds. The highest sensitivity of the MRM method allowed for the detection of
a major number of compounds, thus, resulting in a more accurate evaluation of the total
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amount of FCs and Cs. Their quantification represents the main purpose of the present
research, aimed to add data that can be used to estimate their dietary intake.

The method will be applied to other food matrices and new analytical technologies, as
supercritical fluid chromatography coupled to triple quadrupole mass spectrometry, will
be applied and compared with the present method.
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Abstract: In this work, essential oils (EOs) and hydrolates (Hys) of Rosmarinus officinalis L. and
Lavandula angustifolia Mill., grown in Tuscany (Italy), were studied to describe their chemical compo-
sition and biological activities. The aromatic profile of the EOs liquid phase was carried out by gas
chromatography–mass spectrometry (GC–MS), while the volatile composition of vapor phase EOs
and Hys was performed by headspace (HS)/GC–MS. The obtained results show that monoterpene
hydrocarbons (71.5% and 89.5%) were the main compounds, followed by oxygenated monoterpenes
(26.0% and 10.5%) in the liquid and vapor phase of R. officinalis EO, respectively. The oxygenated
monoterpenes were the main components of L. angustifolia EO, reaching 86.9% in the liquid phase
and 53.7% in the vapor phase. Regarding Hys, they consisted only of oxygenated monoterpenes,
and 1,8-cineole (56.2%) and linalool (42.9%), were the main components of R. officinalis and L. of-
ficinalis Hys, respectively. Their cytotoxicity was investigated on an SHSY5Y neuroblastoma cell
line by thiazolyl blue tetrazolium bromide (MTT) test, showing a notable effect of the EOs with a
time-independent manner of activity and half maximal effective concentration (EC50) values quite
similar for the two plant species (from 0.05% to 0.06% v/v for the three time points evaluated). A
measurable activity of Hys was also obtained although with higher EC50 values. The antibacterial
activity against Escherichia coli ATCC® 25922, Pseudomonas fluorescens ATCC® 13525, Acinetobacter
bohemicus DSM 102855 as Gram-negative bacteria and Kocuria marina DSM 16420, Bacillus cereus
ATCC® 10876 as Gram-positive bacteria, was evaluated by the agar disk-diffusion method and the
VPT (vapor phase test) to determinate the MIC (minimal inhibitory concentration) and the MBC
(minimal bactericidal concentration) values. Both EOs possessed a high activity against all the
bacterial strains with MIC values ranging from 0.19% to 3.13% v/v. Unlike EOs, Hys did not show
an inhibition of the bacterial growth at the tested concentrations. Furthermore, antioxidant power
was measured by 2,2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt-based
(ABTS•+) and the 2,2-diphenyl-1-picrylhydrazyl (DPPH) assays, showing a remarkable ability to
reduce radicals by both EOs; Hys were slightly less active. The findings highlighted that R. officinalis
and L. angustifolia EOs and Hys have a chemical composition rich in bioactive molecules, which can
exert different biological activities.

Keywords: Lavandula angustifolia; Rosmarinus officinalis; essential oils; hydrolates; chemical analysis;
volatile compounds; biological activity
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1. Introduction

Since historic times, spices and herbs have been used as food flavors, and their effects
on human health are still being investigated to understand the roles of their chemical
components [1,2]. Rosmarinus officinalis L. (also known as Salvia rosmarinus Schleid) and
Lavandula angustifolia Mill. belong to the Lamiaceae family, which comprises different
genera whose biological activities are used in traditional medicines all over the world [3–6].
Rosemary, native to the Mediterranean area, is a shrubby plant up to 1.8 m tall, erect or
procumbent with a good aromatic scent due to the glandular hairs that emit volatile essen-
tial oils [7]. This plant is widely used in cosmetic preparations to protect from degradation
and absorbing UV light, is used as a bactericidal and antifungal agent and furthermore,
among others, was exploited in topical applications for wound healing, skin cancer and
antimycotic properties [5,7]. Different uses of R. officinalis are known and its volatile es-
sential oil (EO) and leaf extracts possess extensively investigated biological properties,
such as antioxidant, anti-inflammatory, antiproliferative, anticancer, antiviral, antimicro-
bial, hepatoprotective, neuroprotective, nephroprotective, antiulcer and many others [8].
R. officinalis was investigated for its curative properties against some ailments caused by
biochemical, chemical or biological agents as reviewed by Oliviera et al. [9], showing that
this plant possesses beneficial effects and may be used to treat health problems. English
or “true” lavender, the common names of Lavandula angustifolia, is one of the 39 species
of the genus Lavandula to which belongs different hybrids [10]. Lavender EO production
and quality is regulated by environmental and developmental conditions and temperature
and flowering stage determine its chemical composition [11]. L. angustifolia EO is used in
perfumery and cosmetics and its activity on the central nervous system, as a sedative, anxi-
olytic and antidepressant, was also evidenced [12–14]. Furthermore, biological activities of
EOs from Lavandula genus, such as antifungal, antibacterial, antioxidant and anticancer
effects, were reported [15–20]. EO chemical composition is highly complex and it can vary
considerably depending on several factors, such as the cultivation area, environmental
conditions, morphological characteristics and processing techniques of the plant [21–23];
moreover, the chemical composition influences the way in which EOs exert their antibac-
terial activity [24]. Terpene and sesquiterpene hydrocarbons, oxygenated or cyclic, are
the main classes of compounds present in EOs, followed by aldehydes, ketones, alcohols,
acids and esters [25]. In particular, thanks to their interesting physicochemical character-
istics, Lamiaceae EOs were employed in the industrial and medical research sectors as
natural products [26]. EOs obtained from L. angustifolia and R. officinalis grown in different
countries such as China, Siria, India, Iran, Romania, Canada, Spain, France and others
were investigated and linalool, borneol, linalyl acetate and 1,8-cineole as well as camphor,
camphene and α-pinene resulted as predominant compounds, although in different pro-
portions according to the vegetative stage and climatic conditions of the origin area [27,28].
There are far fewer studies concerning the volatile chemical composition of hydrolates
(Hys), also known as hydrosols. They are aqueous solutions obtained as by-products of
distillation [29] containing a certain number of bioactive molecules, although with marked
quantitative and qualitative differences compared to EOs [30]. Their aroma can be more or
less intense depending on their content of molecules that provide a potential biological
effect, making the hydrolates useful for the food industry as preserving and/or aromatic
agents [31]. In this study, for the first time, to better describe the vapor phase chemical
profiles of Hys and EOs obtained from flowers and inflorescences of R. officinalis and inflo-
rescences of L. angustifolia growing in Tuscany, we used the automated headspace sampler
directly coupled with gas chromatography–mass spectrometry (HS/GC–MS) [32,33]. This
sampling technique is conservative and non-destructive and does not require the use of
solvent for the extraction process, thus avoiding a possible loss of components. The chem-
ical composition of the liquid phase of EOs was also characterized by GC/MS and their
antiproliferative, antibacterial and antioxidant activity was evaluated. Moreover, this is the
first report revealing the biological activity of the vapor phase and the cytotoxic activity
against a neuroblastoma cell line of Lavandula angustifolia and Rosmarinus officinalis Hys.
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2. Materials and Methods

2.1. Materials

EOs and Hys from flowers and inflorescences of R. officinalis L. and inflorescences of
L. angustifolia Mill. growing in Tuscany (San Donato in Poggio and Roccastrada, respec-
tively), Italy and obtained by steam distillation, were directly provided by “èssenziale”
Azienda Agricola, San Donato in Poggio (FI), Italy. The dates of collection of plants were:
June 2020 for R. officinalis and July 2020 for L. angustifolia. Lysogeny Broth (LB) with agar,
thiazolyl blue tetrazolium bromide (MTT), vinblastine sulfate, methanol, 2,2-diphenyl-1-
picrylhydrazyl (DPPH), 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox),
2,2′-azinobis (3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS) and potas-
sium persulfate (K2S2O8) were from Merck (Darmstadt, Germany). Gentamicin sulfate was
bought from Biochrom PAN-Bio-Tech GmbH (Aidenbach, Germany).

2.2. GC–FID and GC–MS Analysis

The GC–MS analyses were performed with a gas chromatograph equipped with a
flame ionization detector (FID) and coupled to a mass spectrometer (MS), Perkin Elmer
Clarus 500 model (Waltham, MA, USA). The GC capillary column was a Varian Factor
Four VF-1 and helium served as a carrier gas at a flow rate of 1 mL/min. The injector
temperature was 280 ◦C and the oven temperature program started from 60 up to 220 ◦C for
20 min at a rate of 6 ◦C min−1. For liquid injections, the solutions were prepared by diluting
1 μL of each EO with 1 mL of methanol and 1 μL of the sample was injected. MS operative
conditions were: ionization voltage of 70 eV and acquisition mass range 40–450. Ion source
and the connection parts temperature was 220 ◦C. The GC–TIC mass spectra were obtained
by the TurboMass data analysis software (Perkin Elmer-Vers. 6.1.0). The identification of
components was performed by matching their mass spectra with the spectrometer database
of the NIST and Wiley libraries and comparison of their linear retention indices (LRIs)
calculated against a mixture of n-alkanes (C8–C30). The relative average percentages of
compounds were calculated by peak area normalization from GC–FID chromatograms
without the use of an internal standard or correction factors. All analyses were conducted
in triplicate.

2.3. HS/GC–FID and HS/GC–MS Analysis

To describe the vapor phase profile of EOs and Hys, a Perkin-Elmer Headspace (HS)
Turbomatrix 40 (Waltham, MA, USA) autosampler connected to GC–MS was used [34,35].
About 1 mL of EO and 2 mL of Hy were placed separately in 20 mL vials sealed with
headspace (PolyTetrafluoroethylene-PTFE)-coated silicone rubber septa and caps. The
operative optimized conditions were: the sample was heated at 60 (EOs) and 80 ◦C (Hys)
for 20 min thermostating time and an injection volume of about 10 mL (vapor phase) was
sent to the capillary column of GC by a transfer line maintained at 200 ◦C. Quantification
and identification of compounds was carried out by GC–FID and GC–MS analyses.

2.4. Cell Culturing

To assess the biological activity of the examined EOs and related Hys, human neu-
roblastoma SHSY5Y (ATCC® CRL-2266™) cell lines were used. The cells were maintained
in a 75 cm2 flask containing DMEM-F12 (Dulbecco’s modified Eagle’s medium: nutrient
mixture F-12) culture medium supplemented with 10% of FBS (fetal bovine serum), 1%
glutamine and 1% penicillin/streptomycin, and maintained at 37 ◦C with 5% CO2 and
controlled humidity. Once the cells reached confluence, they were passed into new culture
vessels in a 1:20 ratio and the medium was changed every 3 days.

2.5. Cytotoxicity Test (MTT)

The cell viability of SHSY5Y cells treated with R. officinalis and L. angustifolia EOs
and Hys was evaluated by MTT assay. The mitochondrial dehydrogenase activity of the
control and treated cells, which reflects their cell viability, was analyzed both in a dose-
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and time-dependent manner. A total of 2 × 104 cells/well were seeded in a 96-well plate
24 h before being treated. EOs were dissolved in Dimethyl Sulfoxide (DMSO) (50% v/v).
Twelve two-fold diluted concentrations were applied from 1 × 10−1% to 2 × 10−4% v/v for
the EOs and from 50% to 1 × 10−1% v/v for the Hys; the DMSO (0.05% final concentration)
and double distilled water (ddH2O) were used as solvent controls. Vinblastine sulfate
(Merck KGaA, Darmstadt, Germany) was used as positive control. After 24 h, 48 h and
72 h of treatment, the medium was removed, MTT solution (0.5 mg/mL) was added to
the cells and they were incubated for 3 h in dark conditions at 37 ◦C. DMSO was used to
solubilize the formazan crystals and the absorbance was read by Tecan Sunrise™ (Tecan
Group Ltd., Männedorf, Switzerland) UV-vis spectrophotometer at 595 nm. The obtained
optical density values were converted into percentage of cell viability and the data were
elaborated with AAT Bioquest EC50 Calculator (Sunnyvale, CA, USA) [19] in order to
obtain the concentration at which the investigated substance exerts half of its maximal
response values (EC50). The values were repeated three times and reported as mean ± SD.

2.6. Antibacterial Activity

To delineate the antibacterial profiles of R. officinalis and L. angustifolia EOs and Hys,
the MIC (minimal inhibitory concentration), the MBC (minimal bactericidal concentration),
the agar disk-diffusion method and the VPT (vapor phase test) were used. Five different
bacteria strains were considered for this study: Escherichia coli ATCC® 25922, Pseudomonas
fluorescens ATCC® 13525 and Acinetobacter bohemicus DSM 102855 as Gram-negative bacteria,
and Kocuria marina DSM 16420 and Bacillus cereus ATCC® 10876 as Gram-positive bacteria.
After 24 h of culturing in lysogeny broth (LB) agar, at 26 (for P. fluorescens, A. bohemicus and
B. cereus) and 37 ◦C (for K. marina and E. coli), the bacterial strains were collected and used
for antimicrobial assays.

2.6.1. Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal
Concentration (MBC)

The microwell dilution method was carried out to take over the minimum inhibitory
concentration (MIC) of the EOs and their corresponding Hys. Twelve two-fold dilutions
from 6.25% to 3 × 10−3% v/v and from 50% to 1 × 10−1% v/v for EOs and Hys, respectively,
were used. Gentamicin was used as a positive control and the negative and solvent
controls were also added. A total of 106 colony-forming unit (CFU)/mL of bacteria in LB
broth was seeded in 96-well plates, and after 24 h of incubation with the treatments the
bacterial growth was evaluated by adding 10 μL of MTT (200 μg/mL) to each well [36,37].
Before adding MTT in the microwell plates, 10 μL of the last four dilutions without
bacterial growth were taken and seeded on LB agar Petri plates to evaluate the minimum
bactericidal concentration (MBC) or the concentrations for which no bacterial growth was
observed after 24 h of incubation. Furthermore, the MBC/MIC ratios were reported and the
values >4 defined bacteriostatic activity, while the ratio MBC/MIC ≤4 defined bactericidal
activity for the tested samples [38]. All the assays were carried out in triplicate.

2.6.2. Agar Disk-Diffusion Method and Vapor Phase Test (VPT)

The agar disk-diffusion method was carried out to study the activity of the liquid
phase. A total of 108 CFU/mL of bacteria was seeded on a Petri dish with LB agar and
10 μL of pure EOs and 15 μL of Hys. Gentamicin (10 mg/mL) was used as a positive
control. After 24 h of incubation at the corresponding temperature, the diameter of the
growth inhibition halo or inhibition zone (IZ) was measured by a vernier caliper rule [36].
To evaluate the antibacterial activity of the vapor phase of the EOs and Hys, the vapor
phase test (VPT) was used. The assay was performed by seeding 108 CFU/mL of bacteria
in a Petri dish with LB agar and pouring 5 mL of LB agar in the Petri plate cover where
6 mm sterile disks had been placed and soaked with 10 and 15 μL of the EOs and the
corresponding Hys, respectively. The Petri plates were sealed with parafilm in order to
prevent any vapor leakage. After 24 h of incubation, the inhibition halo was measured by a
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vernier caliper rule [33]. The means and standard deviations were obtained by triplicate
measures of the Agar disk-diffusion and VPT halos.

2.7. Antioxidant Activity
2.7.1. DPPH Scavenging Activity Assay

Using the protocol described by Sanchez-Moreno et al. [39], the antioxidant activity of
R. officinalis and L. angustifolia EOs and Hys was assayed by exploiting the 1,1-diphenyl-
2-picrilidrazil radical (DPPH•) properties in the DPPH scavenging activity assay. A total
of 100 μL of twelve concentrations obtained by geometric dilutions of each sample (from
25% to 0.01%) were added to a 96-well plate and mixed with 100 μL of a solid DPPH
methanol solution (0.2 mM). EOs and Hys without DPPH solution were added as controls
and Trolox dilutions and DPPH plus methanol were also added. After 30 min of incubation,
the absorbances were measured by a Tecan Sunrise™ UV-vis spectrophotometer (517 nm).
Three replicates of the experiment were carried out.

2.7.2. ABTS Radical Scavenging Assay

The ABTS (2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt)
assay was used to investigate the radical scavenging activity [40]. An aqueous 7 mM
solution of ABTS was mixed with K2S2O8 (140 mM) and incubated for 16 h, protected
from light at room temperature to allow compounds to form the ABTS+• radical cation.
The obtained solution was then diluted in ethanol until the absorbance of 0.70 ± 0.02 at
734 nm was reached. Five geometrical dilutions of each sample were prepared and 20 μL
was added to 980 μL of the ABTS+• solution (starting from 2% to 0.125%). After 5 min
of incubation, the absorbances of the resulting solutions were measured using a Jasco
(Jasco Corporation, Lecco, Italy) V-630 UV-Visible spectrophotometer at 734 nm by the
Spectra Manager™ software (version II). The blank consisted of a solution composed of
20 μL of geometrical dilutions of EOs and Hys and 980 μL of ethanol. Trolox geometrical
dilutions were used as a positive control. Data were collected in triplicate.

2.8. IC50 and Trolox Equivalents

Using the following equation, the percentage of antioxidant activity (AA%) was estimated:

AA% =

[ Ablank − Asample

Ablank

]
× 100 (1)

The percentage of antioxidant activity (AA%) (y) was then plotted against the sample
concentrations (x) to form a regression line (y = mx + q). The IC50 value was calculated by
the following formula:

IC50 =
50 − q

m
(2)

The Trolox equivalent antioxidant capacity (TEAC) was also used to express the
antioxidant capacity and expressed in μmol Trolox/mg of EOs or Hys.

2.9. Statistical Analysis

The Friedman test, a well-known distribution-free test for the randomized blocks
analysis of variance [41], was used for investigating homogeneity in the cytotoxic activity
of EOs and Hys across time. Furthermore, for both cytotoxic and antibacterial activi-
ties, statistical discrepancies between R. officinalis and L. angustifolia were evaluated by
adopting the Mann–Whitney–Wilcoxon nonparametric test [41]. All the statistical tests
were performed using R Statistical Software version 4.1.0 (The R foundation for Statistical
Computing, Vienna, Austria).

75



Foods 2021, 10, 1768

3. Results

3.1. Liquid and Vapor Phase EOs Chemical Volatile Composition

GC–MS and HS/GC–MS techniques were used to investigate the liquid- and vapor-
phase chemical composition of R. officinalis and L. angustifolia EOs and Hys. The composi-
tion of R. officinalis EO in Table 1 is reported. Monoterpene hydrocarbons (71.5% and 89.5%)
were the main compounds followed by oxygenated monoterpenes (26.0% and 10.5%) in
the liquid and vapor phase, respectively. Among them, α-pinene (51.2%; 74.7%) and 1,8-
cineole (20.1%; 10.0%) were the most abundant components in both phases. Sesquiterpene
compounds such as β-caryophyllene (1.4%), α-curcumene (0.1%) and caryophyllene oxide
(0.1%) were detected only in the liquid phase.

Table 1. Chemical composition (%) of liquid and vapor phase R. officinalis essential oil (EO).

N◦ COMPONENT 1 LRI 2 LRI 3 R. officinalis (%) 4 R. officinalis (%) 5

1 α-pinene 945 943 51.2 ± 0.02 74.7 ± 0.1
2 camphene 948 946 5.6 ± 0.04 6.5 ± 0.02
3 dehydrosabinene 961 958 1.1 ± 0.04 1.1 ± 0.02
4 β-myrcene 982 983 2.0 ± 0.05 1.1 ± 0.02
5 β-pinene 990 986 3.4 ± 0.03 2.8 ± 0.02
6 α-phellandrene 1000 1006 * 0.2 ± 0.02 -
7 α-terpinene 1010 1008 0.4 ± 0.02 0.2 ± 0.02
8 p-cymene 1020 1016 2.0 ± 0.05 0.9 ± 0.02
9 limonene 1022 1023 4.8 ± 0.03 1.7 ± 0.02
10 1,8-cineole 1025 1027 20.1 ± 0.15 10.0 ± 0.05
11 γ-terpinene 1051 1054 0.9 ± 0.04 0.3 ± 0.02
12 terpinolene 1080 1078 0.7 ± 0.02 0.2 ± 0.02
13 p-cymenene 1085 1083.4 0.1 ± 0.01 -
14 linalool 1096 1092 1.0 ± 0.05 0.2 ± 0.02
15 camphor 1125 1126 0.8 ± 0.06 0.2 ± 0.04
16 borneol 1155 1152 0.2 ± 0.02 0.1 ± 0.01
17 endo-borneol 1158 1155 0.9 ± 0.03 -
18 terpinen-4-ol 1161 1160 0.3 ± 0.02 -
19 α-terpineol 1182 1183 0.4 ± 0.01 -
20 verbenone 1192 1196 0.6 ± 0.02 -
21 geraniol 1234 1237 0.4 ± 0.02 -
22 bornyl acetate 1262 1268 1.0 ± 0.07 -
23 nerol acetate 1362 1363 0.3 ± 0.02 -
24 β-caryophyllene 1424 1426 1.4 ± 0.03 -
25 α-curcumene 1478 1475 0.1 ± 0.02 -
26 caryophyllene oxide 1586 1583 0.1 -

SUM (%) 100.0 100.0

Monoterpene hydrocarbons 71.5 89.5
Oxygenated monoterpenes 26.0 10.5
Sesquiterpene hydrocarbons 1.5 -
Oxygenated sesquiterpene 0.1 -

Others - -
1 The components are reported according to their elution order on a polar column; 2 linear retention indices measured on a polar column;
3 linear retention indices from literature; 4 percentage mean values of R. officinalis EO components (liquid phase); 5 percentage mean values
± SD (standard deviation) of R. officinalis EO components (vapor phase); * Normal Alkane retention index; -, not detected.

Twenty-five volatile compounds were identified in L. angustifolia EO and they are
listed in Table 2. In this EO, oxygenated monoterpenes prevailed over monoterpene
hydrocarbons with relative percentages equal to 86.9% in the liquid phase and 53.7% in
the vapor phase. Linalool (49.9% and 26.2%) was the major compound both in the liquid
and vapor phase, respectively. The second most abundant compound was linalyl acetate
(17.9%) in the liquid phase while α-pinene (17.8%) was in the vapor phase. Additionally, in
this case, sesquiterpenes were present only in the liquid phase with β-caryophyllene (1.5%)
and α-farnesene (1.2%) as main components.
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Table 2. Chemical composition (%) of liquid and vapor phase L. angustifolia EO.

N◦ COMPONENT 1 LRI 2 LRI 3 L. angustifolia (%) 4 L. angustifolia (%) 5

1 α-pinene 945 943 1.6 ± 0.02 17.8 ± 0.02
2 camphene 948 946 0.8 ± 0.02 8.9 ± 0.05
3 β-pinene 990 986 2.3 ± 0.02 1.2 ± 0.02
4 α-phellandrene 1000 1006 * 0.1 ± 0.02 0.5 ± 0.05
5 α-terpinene 1010 1008 0.2 ± 0.02 0.5 ± 0.03
6 p-cymene 1020 1016 0.1 ± 0.02 1.0 ± 0.02
7 limonene 1022 1023 1.2 ± 0.02 6.2 ± 0.02
8 1,8-cineole 1025 1027 5.7 ± 0.02 18.0 ± 0.03
9 cis-β-ocimene 1033 1032 0.1 ± 0.02 3.2 ± 0.05

10 trans-β-ocimene 1041 1043 1.4 ± 0.02 3.5 ± 0.03
11 γ-terpinene 1051 1054 0.6 ± 0.02 2.3 ± 0.03
12 linalol oxide 1073 1073 0.5 ± 0.02 0.2 ± 0.03
13 terpinolene 1080 1078 0.6 ± 0.01 1.1 ± 0.03
14 linalool 1096 1092 49.9 ± 0.14 26.2 ± 0.05
15 camphor 1125 1126 3.2 ± 0.04 6.9 ± 0.05
16 borneol 1155 1152 3.9 ± 0.02 0.7 ± 0.02
17 terpinen-4-ol 1161 1160 5.0 ± 0.05 1.4 ± 0.02
18 α-terpineol 1182 1183 0.8 ± 0.04 0.1 ± 0.02
19 linalyl acetate 1251 1252 17.9 ± 0.02 0.2 ± 0.02
20 β-caryophyllene 1424 1426 1.5 ± 0.02 -
21 cis-β-farnesene 1444 1441 0.8 ± 0.01 -
22 β-bisabolene 1500 1501 0.3 ± 0.02 -
23 α-farnesene 1505 1506 1.2 ± 0.02 -
24 caryophyllene oxide 1586 1583 tr -
25 α-bisabolol 1662 1665 0.3 ± 0.02 -

SUM (%) 100.0 99.9

Monoterpene hydrocarbons 9.0 46.2
Oxygenated monoterpenes 86.9 53.7
Sesquiterpene hydrocarbons 3.8 -
Oxygenated sesquiterpene 0.3 -

Others - -
1 The components are reported according to their elution order on a polar column; 2 linear retention indices measured on a polar column;
3 linear retention indices from literature; 4 percentage mean values of L. officinalis EO components (liquid phase); 5 percentage mean
values ± SD (standard deviation) of L. officinalis EO components (vapor phase); * Normal Alkane retention index; -, not detected; tr,
trace < 0.1.

3.2. Vapor Phase Hys Chemical Composition

The volatile chemically identified compounds of Hys vapor phase are listed in Table 3.
They were only composed of oxygenated monoterpenes, and 1,8-cineole (56.2%) and
linalool (42.9%) were the major components of R. officinalis and L. officinalis Hys, respectively.
Camphor (20.3% and 18.4%) was the second major component with similar percentage
values in both Hys.

Table 3. Chemical composition (%) of vapor-phase R. officinalis and L. angustifolia Hys.

N◦ COMPONENT 1 LRI 2 LRI 3 R. officinalis (%) 4 L. angustifolia (%) 5

1 1,8-cineole 1025 1027 56.2 ± 0.04 11.8 ± 0.03
2 linalol oxide 1073 1073 - 0.1 ± 0.01
3 linalool 1096 1092 4.2 ± 0.02 42.9 ± 0.05
4 camphor 1125 1126 20.3 ± 0.02 18.4 ± 0.02
5 borneol 1155 1152 10.6 ± 0.02 5.8 ± 0.02
6 terpinen-4-ol 1161 1160 1.6 ± 0.02 8.4 ± 0.02
7 α-terpineol 1182 1183 2.0 ± 0.04 12.6 ± 0.02
8 verbenone 1192 1196 5.1 ± 0.09 -

SUM (%) 100.0 100.0

77



Foods 2021, 10, 1768

Table 3. Cont.

N◦ COMPONENT 1 LRI 2 LRI 3 R. officinalis (%) 4 L. angustifolia (%) 5

Monoterpene hydrocarbons - -
Oxygenated monoterpenes 100.0 100.0

Sesquiterpene hydrocarbons - -
Oxygenated sesquiterpene - -

Others - -
1 The components are reported according to their elution order on a polar column; 2 linear retention indices measured on a polar column;
3 linear retention indices from literature; 4 percentage mean values ± SD (standard deviation) of R. officinalis Hydrolate (Hy) components;
5 percentage mean values of L. officinalis Hy components; -, not detected.

The distribution of the main volatile compounds detected in R. officinalis and L. offici-
nalis Hys and in the vapor-phase EOs is shown in Figures 1 and 2.

Figure 1. Bar graph of main compounds detected in vapor-phase R. officinalis Hy and EO.

Figure 2. Bar graph of main compounds detected in vapor-phase L. angustifolia Hy and EO.

3.3. Cytotoxic Activity

To define the cytotoxic effects of R. officinalis and L. angustifolia EOs and their corre-
sponding Hys, MTT assays were carried out and the EC50 values after 24, 48 and 72 h for
SHSY5Y cells were reported (Figure 3). Friedman test p-values for assessing the homogene-
ity of EC50 across time with respect to EOs and Hys of both plant species are displayed
in Table 4. A very mild significance for Hys (p-value equal to 5%) can be detected, while,
as highlighted also in Figure 3a, EOs were revealed to be cytotoxic in a time-independent
manner, showing EC50 values quite similar in the two plant species considered, from
0.05% to 0.06% v/v for the three time points evaluated (p-values higher than 5%). Even
if p-values related to Hys are equal to 5%, the corresponding hypothesis could be barely
rejected due to the rather small sample size. Consequently, the Hys EC50 values may be
considered substantially stable for each time point and plant species. R. officinalis Hys
was slightly lower at 24 h than the L. angustifolia Hys (26.82 ± 2.39% and 30.18 ± 1.11%,
respectively) while the latter was more active (19.96 ± 4.7% and 12.78 ± 0.58%) after 48 h
and after 72 h (21.53 ± 3.28% and 11.72 ± 0.60%), respectively (Figure 3b). An EC50 value
of 1.94 ± 0.18 nM for vinblastine treatment was obtained. DMSO control did not affect
cell viability.
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(a) 

(b) 

Figure 3. Bar graphs of EC50 values obtained by thiazolyl blue tetrazolium bromide assay (MTT)
after 24, 48 and 72 h of SHSY5Y cell treatments, (a) with R. officinalis and L. angustifolia EOs and
(b) with the corresponding Hys. Error bars: standard deviation.

Table 4. Friedman test p-values for testing homogeneity across time.

Sample p-Value

R. officinalis EOs 0.717

L. angustifolia EOs 0.097

R. officinalis Hys 0.050

L. angustifolia Hys 0.050

Owing to the effective homogeneity resulting from the Friedman test, the data were
reduced to the means of EC50 measurements across time. Therefore, in order to assess the
EC50 values homogeneity between R. officinalis and L. angustifolia, two Mann–Whitney–
Wilcoxon tests were implemented. From the obtained results (both p-values equal to 1),
R. officinalis and L. angustifolia produced statistically equivalent EC50 values both for EOs
and Hys.
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3.4. Antibacterial Activity

Investigations on R. officinalis and L. angustifolia EOs and Hys antibacterial activity
were executed by different assays. In Table 5, the results obtained by R. officinalis EO are
listed. The highest antibacterial activity was against A. bohemicus with an MIC value of
0.19%, MBC value of 0.39%, IZ of 9.17 ± 0.76 mm and VIZ of 80.00 ± 00 mm. Concerning the
other tested bacterial strains, MIC values ranged from 0.39% to 3.13% and MBC values from
0.39% to 6.25%. The MIC/MBC ratio showed that the tested EOs possessed bactericidal
properties. IZs were 7.33 ± 0.58 and 8.33 ± 1.52 mm for K. marina and B. cereus, respectively,
and VIZs were 80.00 ± 00 mm. For E. coli, IZ was 7.00 ± 0.00 mm, while the EO vapor
phase did not determine bacterial growth inhibition. R. officinalis Hy was not active against
growth of the tested bacteria (Table 5).

Table 5. Antibacterial activity of Rosmarinus officinalis EO and Hy.

R. officinalis EO R. officinalis Hy

MIC 1 MBC 2 MBC/MIC
Ratio

IZ 3 VIZ 4 MIC 1 MBC 2 MBC/MIC
Ratio

IZ 3 VIZ 4

E. coli 3.13 3.13 1.00 7.00 ± 0.00 - na na - - -

P. fluorescens 3.13 6.25 0.50 - - na na - - -

A. bohemicus 0.19 0.39 0.50 9.17 ± 0.76 80 ± 00 na na - - -

K. marina 1.56 3.13 0.50 7.33 ± 0.58 80 ± 00 na na - - -

B. cereus 0.39 0.39 1.00 8.33 ± 1.52 80 ± 00 na na - - -
1 Minimal inhibitory concentration (% v/v) of R. officinalis EO and HY; 2 minimal bactericidal concentration (% v/v) of EO and Hy; 3 growth
inhibition zone by disc diffusion assay (mm); 4 growth inhibition zone by vapor phase test (mm); na, not attained; -, not detected. Values are
expressed as means ± SD. Gentamicin determined MIC and MBC values of 6.25 μg/mL for E. coli, 3.13 μg/mL for P. fluorescens, 6.25 μg/mL
for A. bohemicus, 1.56 μg/mL for K. marina and 1.56 μg/mL for B. cereus and IZ values of 17.00 ± 1 mm for E. coli, 19.67 ± 0.58 mm for
P.‘fluorescens, 24.33 ± 1.53 mm for A. bohemicus, 24.67 ± 1.53 mm for K. marina and 19.67 ± 1.53 mm for B. cereus.

L. angustifolia EO presented a high antibacterial activity with MIC values of 0.39%,
1.56%, 0.19%, 0.78% and 0.19% and MBC values of 0.39%, 3.13%, 0.39%, 0.78% and 0.19%
for E. coli, P. fluorescens, A. bohemicus, K. marina and B. cereus, respectively. MIC/MBC ratios
showed that the tested EO possessed bactericidal properties. IZ values for R. officinalis
Hy were 11.00 ± 1.00, 7.17 ± 0.76, 11.67 ± 1.15, 11.33 ± 1.53 and 10.67 ± 0.58 mm against
E. coli, P. fluorescens, A. bohemicus, K. marina and B. cereus. VIZ values were 6.17 ± 1.04 and
0.67 ± 1.15 mm against A. bohemicus and B. cereus, respectively. L. angustifolia Hy was not
effective against the tested bacterial strains growth (Table 6).

Table 6. Antibacterial activity of L. angustifolia EO and Hy.

L. angustifolia EO L. angustifolia Hy

MIC 1 MBC 2 MBC/MIC
Ratio

IZ 3 VIZ 4 MIC 1 MBC 2 MBC/MIC
Ratio

IZ 3 VIZ 4

E. coli 0.39 0.39 1.00 11.00 ± 1.00 - na na - - -

P. fluorescens 1.56 3.13 0.50 7.17 ± 0.76 - na na - - -

A. bohemicus 0.19 0.39 0.50 11.67 ± 1.15 6.17 ± 1.04 na na - - -

K. marina 0.78 0.78 1.00 11.33 ± 1.53 - na na - - -

B. cereus 0.19 0.19 1.00 10.67 ± 0.58 0.67 ± 1.15 na na - - -
1 Minimal inhibitory concentration (% v/v) of L. angustifolia EO and HY; 2 minimal bactericidal concentration (% v/v) of EO and Hy;
3 growth inhibition zone by disc diffusion assay (mm); 4 growth inhibition zone by vapor phase test (mm); na, not attained; -, not
detected. Values are expressed as means ± SD. Gentamicin determined MIC and MBC values of 6.25 μg/mL for E. coli, 3.13 μg/mL for
P. fluorescens, 6.25 μg/mL for A. bohemicus, 1.56 μg/mL for K. marina and 1.56 μg/mL for B. cereus and IZ values of 17.00 ± 1 mm for E. coli,
19.67 ± 0.58 mm for P. fluorescens, 24.33 ± 1.53 mm for A. bohemicus, 24.67 ± 1.53 mm for K. marina and 19.67 ± 1.53 mm for B. cereus.

IZ and VIZ values for R. officinalis and L. angustifolia EOs were considered for assessing
a significant discrepancy in the antibacterial activities. Mann–Whitney–Wilcoxon p-values
suggest that, for any significance level greater than 5%, the antibacterial activity against
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E. coli, A. bohemicus and K. marina, in terms of IZ values, is greater for L. angustifolia EO
than for R. officinalis EO (exact p-values equal to 5%), while this cannot be concluded
for the antibacterial activity against B. cereus (exact p-value equal to 10%). Contrarily,
when VIZ values are considered, the Mann–Whitney–Wilcoxon p-values suggest that for
any significance level greater than 5%, the antibacterial activity against A. bohemicus and
B. cereus is greater for R. officinalis EO than for L. angustifolia EO (exact p-values equal to 5%).

3.5. Antioxidant Activity of R. officinalis and L. angustifolia EOs and Hys

The antioxidant potential of the EOs and the Hys was investigated by DPPH and ABTS
assays reporting the IC50 values (Table 7). Results are also expressed in μM Trolox/mg
of samples. The highest antioxidant activity was measured in the EOs followed by Hys
of both plants. For R. officinalis EO, IC50 was 13.48 ± 1.58 and 20.21 ± 2.72 μg/mL,
while for L. angustifolia EO IC50 was 7.75 ± 0.10 and 18.71 ± 2.15 μg/mL for DPPH and
ABTS, respectively. TEAC values were 1.90 ± 1.14 and 23.53 ± 2.43 μmol/mg for R. of-
ficinalis EO and 3.30 ± 0.09 and 25.45 ± 3.72 μmol/mg for L. angustifolia EO, for DPPH
and ABTS, respectively. R. officinalis and L. angustifolia Hys showed antioxidant activity
lower than the corresponding EOs. In particular, R. officinalis Hy IC50 was 136.30 ± 3.85
and 349.42 ± 19.32 μg/mL and TEAC values were 0.22 ± 0.02 and 1.35 ± 0.03 μmol/mg
by DPPH and ABTS, respectively. On the contrary, L. angustifolia Hy antioxidant ac-
tivity was slightly lower than R. officinalis Hy in DPPH assay (240.02 ± 13.65 μg/mL
and 0.12 ± 0.01 μmol/mg) and higher in ABTS assay (181.24 ± 15.71 μg/mL and
2.62 ± 0.30 μmol/mg, for IC50 and TEAC, respectively).

Table 7. Antioxidant activity of R. officinalis and L. angustifolia EOs and Hys.

R. officinalis EO R. officinalis Hy L. angustifolia EO L. angustifolia Hy

DPPH
IC50 * 13.48 ± 1.59 136.30 ± 3.85 7.75 ± 0.10 240.02 ± 13.65

TEAC ** 1.90 ± 0.15 0.22 ± 0.03 3.30 ± 0.10 0.12 ± 0.01

ABTS•+
IC50 * 20.20 ± 2.72 349.42 ± 19.32 18.71 ± 2.16 181.24 ±15.71

TEAC ** 23.53 ± 2.43 1.35 ± 0.03 25.45 ± 3.73 2.62 ± 0.31

* μg/mL; ** μmol/mg. Values are expressed as means ± SD; half maximal inhibitory concentration (IC50); 2,2′-azino-bis
(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt based assay (ABTS•+); 2,2-diphenyl-1-picrylhydrazyl assay (DPPH); Trolox
equivalent antioxidant capacity (TEAC).

4. Discussion

In our investigation, liquid and vapor phases of L. angustifolia EO were characterized
by linalool (49.9% and 26.2%) as a major constituent, while R. officinalis EO was character-
ized by α-pinene (51.2% and 74.7%). The chemical profile of L. angustifolia and R. officinalis
EOs obtained by aerial parts of plants growing in Syria was investigated by Al-Younis
et al. [42], showing a similar composition with borneol (16.25%) and linalool (35.12%) as
the main components, respectively, whereas L. angustifolia EO collected in Xinjiang [43]
exhibited linalyl acetate (28.89%) as a principal molecule, as well as the Himalayan one
(47.56%) [44]. Reagrding R. officinalis EO, 1,8-cineole was the most abundant component
in EO from China [45] and Belgrade [46] (26.54% and 43.77%, respectively). On the other
side, α-pinene (43.9%) and p-cymene (44.02%) were found to be those with the higher
percentage in R. officinalis EO from Iran [47] and Turkey [48]. The present study is the first
on the characterization of the aroma profiles of R. officinalis and L. angustifolia Hys grown
in the Tuscany region using HS/GC–MS. The obtained results highlight that they were
characterized exclusively by oxygenated monoterpenes, among which 1,8-cineole (56.2% in
R. officinalis Hy) and linalool (42.9% in L. angustifolia Hy) were the major exponents. Previ-
ous studies showed a different chemical composition, with camphor (24.9%), terpinen-4-ol
(51.9%) and verbenone (45.31%) as the main components of the R. officinalis hydrolates
from Japan [49], Colombia [50] and Korea [51], respectively. Regarding L. angustifolia Hy, a
similar composition to that described by us was reported for extracts from Poland [27,52],
in which linalool (24.6% and 26.5%, respectively) was also the major detected compound.
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Of interest, L. angustifolia Hy from Croatia [53] was characterized by linalool (23.2%) when
steam distillation was used to obtain the extract, and by 1,8-cineole (20.6%) through hy-
drodistillation. In fact, the chemical profile of Hys can also vary according to the distillation
method used [54].

Our findings and the cited references confirm that the variability of the chemical
composition of EOs and Hys depends on various exogenous and endogenous factors, such
as the area of provenance of the plant and the extraction method [55].

The biological properties of the R. officinalis and L. angustifolia EOs were investigated
with in vivo and in vitro models [9,56] and numerous studies demonstrated their exertion
of biological activities [57]. In the present study, R. officinalis and L. angustifolia EOs
and Hys, cytotoxic, antimicrobial and antioxidant activities were investigated. Both EOs
exerted cytotoxic activities with low EC50 values, corresponding with a high inhibition of
SHSY5Y cell proliferation. Regarding Hys treatments, higher EC50 values were obtained
and L. angustifolia Hy IC50 was slightly lower than R. officinalis Hy at 48 and 72 h. Studies
on Hys cytotoxicity and antiproliferative effects are limited. Melissa officinalis, Achillea
teretifolia, Achillea aleppica, Origanum onites and Salvia fruticosa have been investigated on a
colorectal cancer cell line to determine their cytotoxic and cytostatic effects, and O. onites
Hy was the most effective [58].

In this paper, DPPH and ABTS assays demonstrated that the EOs and Hys possess
antioxidant activities, although showing different IC50 values. Antibacterial properties of
the Hys were investigated and, unlike EOs, they were not able to inhibit bacterial growth
in the different assays.

As reviewed by D’Amato et al. [31], the antibacterial and antifungal, as well an-
tioxidant, properties of the Hys were demonstrated for different plant species, and their
uses and applications could be evaluated to control microorganism growth and oxidative
processes in food shelf-life. Furthermore, Hys were demonstrated to be active against
biofilm production [59,60], and thus could be used as a natural antimicrobial agent for food
production [54]. As reported by Šilha et al. [53], no antibacterial effect of L. angustifolia
Hy was detected against eight strains of Arcobacter-like bacteria and against Staphylococcus
aureus, Enterococcus faecalis, Pseudomonas aeruginosa, Escherichia coli and the yeast Candida
albicans. On the contrary, concentrated Hys, obtained by solid-phase extraction and tested
against the same microorganisms, exercised a considerable antimicrobial activity.

On the other side, R. officinalis EO showed antioxidant and antimicrobial properties
while its corresponding Hy had neither a potential effect against E. coli, P. aeruginosa,
S. aureus and C. albicans and A. niger, nor antioxidant properties [50].

Notably, lavandin (L. x intermedia) Hy was not reported to be active against E. coli and
B. cereus, whereas it showed antibacterial activity against the same bacterial strains when
formulated in nanoemulsion [61].

Hys being composed of the condensed water of the distillation process and by only
some volatile oil components, their chemical composition is different with respect to the
corresponding EOs; however, the amounts of the main components can vary greatly [31,62].
Generally, Hys exert their biological activities at high concentrations, reflecting their low
terpene amount. Since they are aqueous solutions, the hydrophilic environment likely
facilitates the terpenes’ availability, enhancing their biological activity [54].

5. Conclusions

Chemical investigations performed by HS/GC–MS revealed that EOs and Hys of R.
officinalis and L. angustifolia are rich in bioactive compounds. Both EOs revealed a good
antibacterial and antioxidant activity, while their respective Hys exerted a slight antioxidant
activity and were completely inactive on the selected bacterial strains. The antiproliferative
activity was also evaluated by highlighting, for the first time, that not only EOs but also
Hys exerted a cytotoxic effect.

In conclusion, R. officinalis and L. angustifolia EOs, thanks to their exhibited biological
activities, could have potential applications in various fields, including foods and beverages.
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It is also interesting to note that the results obtained with the Hys on the SHSY5Y cell line
underline the potentiality of these by-products of the distillation process. In this regard,
our findings will be useful for further studies and applications.
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27. Prusinowska, R.; Śmigielski, K.B. Composition, biological properties and therapeutic effects of lavender (Lavandula angustifolia L.).

A review. Herba Pol. J. 2014, 2, 56–66. [CrossRef]
28. Begum, A.; Sandhya, S.; Shaffath, A.S.; Vinod, K.R.; Reddy, S.; Banji, D. An in-depth review on the medicinal flora Rosmarinus

officinalis (Lamiaceae). Acta Sci. Pol. Technol. Aliment. 2013, 12, 61–73. [PubMed]
29. Edris, A.E. Identification and absolute quantification of the major water-soluble aroma components isolated from the hydrosols

of some aromatic plants. J. Essent. Oil Bear. Plants 2009, 12, 155–161. [CrossRef]
30. Hamedi, A.; Moheimani, S.M.; Sakhteman, A.; Etemadfard, H.; Moein, M. An overview on indications and chemical composition

of aromatic waters (hydrosols) as functional beverages in Persian nutrition culture and folk medicine for hyperlipidemia and
cardiovascular conditions. J. Evid. Based Complement. Altern. 2017, 22, 544–561. [CrossRef]

31. D’Amato, S.; Serio, A.; López, C.C.; Paparella, A. Hydrosols: Biological activity and potential as antimicrobials for food
applications. Food Control. 2018, 86, 126–137. [CrossRef]

32. Ovidi, E.; Laghezza Masci, V.; Zambelli, M.; Tiezzi, A.; Vitalini, S.; Garzoli, S. Laurus nobilis, Salvia sclarea and Salvia officinalis
Essential Oils and Hydrolates: Evaluation of Liquid and Vapor Phase Chemical Composition and Biological Activities. Plants
2021, 10, 707. [CrossRef]

33. Garzoli, S.; Masci, V.L.; Caradonna, V.; Tiezzi, A.; Giacomello, P.; Ovidi, E. Liquid and Vapor Phase of Four Conifer-Derived
Essential Oils: Comparison of Chemical Compositions and Antimicrobial and Antioxidant Properties. Pharmaceuticals 2021,
14, 134. [CrossRef] [PubMed]

34. Zhang, W.; Liang, X. Headspace Gas Chromatography-Mass Spectrometry for Volatile Components Analysis in Ipomoea Cairica
(L.) Sweet Leaves: Natural Deep Eutectic Solvents as Green Extraction and Dilution Matrix. Foods 2019, 8, 205. [CrossRef]
[PubMed]

35. Gören, A.C.; Topçu, A.; Bilsel, G.; Bilsel, M.; Wilkinson, J.M.; Cavanagh, H.M. Analysis of essential oil of Satureja thymbra by
hydrodistillation, thermal desorber, and headspace GC/MS techniques and its antimicrobial activity. Nat. Prod. Res. 2004, 18,
189–195. [CrossRef] [PubMed]

36. Balouiri, M.; Moulay Sadiki, M.; Koraichi Ibnsouda, S. Methods for in vitro evaluating antimicrobial activity: A review. J. Pharm.
Anal. 2016, 6, 71–79. [CrossRef] [PubMed]

37. Clinical and Laboratory Standards Institute. M23–A3: Development of In Vitro Susceptibility Testing Criteria and Quality Control
Parameters; Approved Guideline, 3rd ed.; CLSI Document; Clinical and Laboratory Standards Institute: Wayne, PA, USA, 2008;
pp. 1–68.

38. Gatsing, D.; Tchakoute, V.; Ngamga, D.; Kuiate, J.; Tamokou, J.; Nji-Nkah, B.; Tchouanguep, F.; Fodouop, S. In vitro antibacterial
activity of Crinum purpurascens Herb. leaf extract against the Salmonella species causing typhoid fever and its toxicological
evaluation. Iran. J. Med. Sci. 2009, 34, 126–136.

39. Sanchez-Moreno, C.; Larrauri, J.A.; Saura-Calixto, F. A procedure to measure the antiradical efficiency of polyphenols. J. Sci. Food
Agric. 1998, 76, 270–276. [CrossRef]

40. Re, R.; Pellegrini, N.; Proteggente, A.; Yang, M.; Rice-Evans, C. Antioxidant activity applying an improved ABTS radical cation
decolorization assay. Free Radic. Biol. Med. 1999, 26, 1231–1237. [CrossRef]

41. Hollander, M.; Douglas, A.W. Nonparametric Statistical Methods; John Wiley & Sons: New York, NY, USA, 1999; pp. 106–272.
42. Al-Younis, F.; Al-Naser, Z.; Al-Hakim, W. Chemical composition of Lavandula angustifolia Miller and Rosmarinus officinalis L.

essential oils and fumigant toxicity against larvae of Ephestia kuehniella Zeller. Int. J. Chem. Technol. Res. 2015, 8, 1382–1390.
43. Xiaotian, C.; Lanyue, Z.; Chenyu, Q.; Zhiyun, D.; Peng, X.; Zhangmin, X. Chemical compositions of essential oil extracted from

Lavandula angustifolia and its prevention of TPA-induced inflammation. Microchem. J. 2020, 153, 104458.

84



Foods 2021, 10, 1768

44. Verma, R.S.; Rahman, L.U.; Chanotiya, C.S.; Verma, R.K.; Chauhan, A.; Yadav, A.; Singh, A.; Yadav, A.K. Essential oil composition
of Lavandula angustifolia Mill. cultivated in the mid hills of Uttarakhand, India. J. Serb. Chem. Soc. 2010, 75, 343–348. [CrossRef]

45. Jianga, Y.; Wua, N.; Fua, Y.; Wanga, W.; Luoa, M.; Zhao, C.; Zua, Y.; Liu, X. Chemical composition and antimicrobial activity of the
essential oil of Rosemary. Environ. Toxicol. Pharmacol. 2011, 32, 63–68. [CrossRef]
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Abstract: Monoterpenes are bioactive compounds, however studies on their metabolic fate in humans
are scarce. The present work aimed to identify and quantify the bioactive monoterpenes myrcene, α-
and β-pinene of the Mediterranean product Mastiha Oil, in human plasma after acute consumption of
a single dose. This was an open-label, single-arm acute study. After overnight fasting, healthy males
were administered with Mastiha Oil. Blood samples were collected on different time-points before and
after consumption. A novel GC-MS-MS application was performed to detect and quantify terpenes in
MO and in plasma. Serum lipid resistance to oxidation was also determined. Alpha-Pinene, β-pinene
and myrcene were identified and quantified in plasma. Alpha-pinene concentration significantly
increased after 0.5 h of Mastiha Oil consumption, remaining significantly increased at 1 h, 2 h, 4 h,
6 h and 24 h. Beta-pinene and myrcene followed similar patterns. The increase in serum lipid
resistance to oxidation was significant at 1 h, reached its peak at 2 h and remained significant until
4 h. Conclusively, α-pinene, β-pinene and myrcene that are present in Mastiha Oil are absorbed
by humans. (ClinicalTrials.gov Identifier: NCT04290312).

Keywords: monoterpenes; mastiha oil; absorption

1. Introduction

Natural and plant-derived products or additives contain large amounts of non-nutrient
phytochemicals. There is abundant research upon their effects on health, with several studies
revealing beneficial properties on the prevention of chronic diseases, mainly through the activation of
the immune system [1]. Nevertheless, evidence on the fraction of administered compounds that can
pass into the plasma and body tissues without changing their structure, is yet very limited and often
zero. This step is necessary to understand bioactivity and to prove efficacy.

Mastiha Oil (MO) is extracted from the resin of Mastiha, the dried resinous exudate from stems
and branches of Pistacia lentiscus. Mastiha is a concentrated source of monoterpenes (e.g., α-pinene,
β-pinene, β-myrcene) [2], triterpenes (e.g., mastihadienonic acid, isomastihadienonic acid) [3], and to a
smaller degree of plant sterols, simple phenols and approximately 10% MO [4]. MO is a 100% natural
product of the Mediterranean and it is suitable for human consumption as it is processed according to
the legal standards. Previous research has shown that a total of 90 compounds have been identified
in MO (50% monoterpene hydrocarbons, 20% oxygenated monoterpenes, 25% sesquiterpenes) [5].
Monoterpenes seem to exert favorable health effects by regulating mechanisms of oxidative stress
and inflammation [6,7]. Additionally, previous studies have shown numerous valuable properties of
these compounds such as antibiotic resistance modulation, antitumor, anticoagulant, antimicrobial,
anti-Leishmania, antimalarial and analgesic effects [8–10].
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We have previously investigated for the first time the kinetics and bioavailability of Mastiha’s
main triterpenes in healthy subjects. Additionally, we have shown an antioxidant potential after
acute consumption of Mastiha [11]. The aim of the present study was to investigate the absorption of
the main monoterpenes of MO in humans for the first time, namely α-pinene (PubChem CID: 6654),
myrcene (PubChem CID: 31253) and β-pinene (PubChem CID: 440967). To achieve this we employed
a novel GC-MS-MS application, so that we overcome matrix difficulties with the tandem MS technique.
Additionally, the effect on human antioxidant capacity was assessed with the serum oxidisabilty assay
based on the existing data regarding the antioxidant properties of monoterpenes.

2. Experimental methods

2.1. Materials

All monoterpene standards were purchased from Sigma-Aldrich (St. Louis, MO, USA) and were
of high purity (>97%). All organic solvents were at least of LC grade and purchased from Merck
KGaA, Darmstadt, Germany. MO was kindly donated by The Chios Gum Mastic Growers Association.
MO comes out through distillation process with water and it is 100% natural. MO is resinous liquid,
colourless to faintly yellow and has a balsamic, green and rustic odour. The density was 0.83 g/mL
(20 ◦C). Its nutritional analysis is presented in Table S1.

2.2. Ethics

Informed consent was obtained by all eligible subjects before they participated in the study.
Their rights to physical and mental integrity, to privacy and to the protection of the data were protected
in accordance with the Data Protection Act 1998. The study was conducted in accordance with the
Declaration of Helsinki and Tokyo for humans and the Principles of Good Clinical Practice. Harokopio
University Ethics Committee (49/29-10-2015) approved the protocol. The trial was registered on
ClinicalTrials.gov and was assigned with Identifier NCT04290312.

2.3. Study Design

An open label intervention trial was designed to assess the postprandial plasma levels of the main
monoterpenes present in MO and their effect in antioxidant capacity. A kinetic approach was applied.
Fifty apparently healthy male adults were screened. Ten volunteers were found eligible to the study
according to specific criteria (Table 1). Eligible subjects were informed about the aims, methodology,
expected effect and any risk from the Information Leaflet of the study, before signing an Informed
Consent. The investigator explained that participation was voluntary and participants received a copy
of the signed Informed Consent.

Table 1. Inclusion and exclusion criteria.

Inclusion Criteria Exclusion Criteria

Sex: Male Obesity

Age: 20–40 years old Alcohol or drug abuse

Medication, vitamins and inorganic supplements

Vegan and macrobiotic diet before and during the trial

Gastrointestinal diseases (i.e., atrophic gastritis, Inflammatory Bowel
Disease, peptic ulcer, gastrointestinal cancer)
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2.4. Postprandial Study Protocol

2.4.1. Baseline Assessment

A medical and dietary assessment took place after enrollment. A blood sample was collected
for complete blood count, fasting glucose, total cholesterol, triglycerides, low-density lipoprotein
(LDL), high-density lipoprotein (HDL), urea, creatinine, serum glutamic oxaloacetic transaminase
(SGOT), serum glutamic pyruvic transaminase (SGPT), alkaline phosphatase (ALP), serum gamma
glutamyltransferase (γ-GT), lactate dehydrogenase (LDH) and total bilirubin measurement on an automatic
biochemical analyzer (Cobas 8000 analyser, Roche Diagnostics GmbH). In addition, anthropometric
indices were measured twice. Body weight was measured with a weighting scale (Seca) to the nearest
0.1 kg, while height was measured with a standard stadiometer (Tanita) to the nearest millimeter. Body
Mass Index was calculated. In addition, body composition (fat mass, muscle mass, bone mass, total body
water) was assessed with Bioelectric Impedance Analysis (Tanita, SA165 A-0950U-3).

2.4.2. Intervention

After overnight fasting, a plastic cannula was inserted in an arm vein of the volunteers in order
discomfort during consecutive blood sampling to be minimized. A blood sample was obtained on
time-point 0 h and after that the subjects consumed 1 mL of MO. This dose was selected based upon the
study of Papada et al. [11] where healthy volunteers were administered with 10 g of Mastiha (containing
~10% MO). Afterwards, blood samples were collected on time-points 0.5 h, 1 h, 2 h, 4 h, 6 h and 24 h
after MO consumption (Figure 1) and were centrifuged at 3000 rpm for 10 min at 4 ◦C for plasma and
serum isolation. In this single-arm study all volunteers were assigned to the intake of monoterpenes
present in MO. Measurements on time-point 0 h served as control, as these are considered known
constants in absorption studies. All samples were stored at −80 ◦C until further analysis.

Figure 1. Study flowchart.
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2.5. Analytical Techniques and Assays

2.5.1. Detection and Quantification of Monoterpenes in Plasma Samples

A Thermo Ultra GC-Thermo XLS Quantum GC-MS-MS Triple Quad with a DB-5 ms 30× 0.25× 0.25
capillary column (Merck KGaA, Darmstadt, Germany) was used. The sample was injected using a
Programmed Temperature Vaporizing (PTV) injector that allows concentration of samples, using an
automated sampler. Injection volume was 1 μL.

To be able to determine low ppb levels, a GC-MS-MS technique was performed. Signal to noise
improves radically compared to traditional GC-MS methods. Full scan MS-MS was first employed in
analytical standards which run individually to determine the parent and daughter ions and retention
times were validated with the use of analytical standards which run individually.

Gas Chromatograph conditions:
Initial temperature was held at 50 ◦C for 2 min. Then temperature was ramped to 60 ◦C with a

rate of 5 ◦C/min. The temperature reached 270 ◦C at a rate of 7 ◦C/min. Injector temperature was set at
250 ◦C. The splitless injected volume was 1 μL. At 1.2 min the splitless valve switched.

The MS-MS conditions were as follows: Parent Ion was m/z 93 and daughter ions were 91 and 77
for all compounds. Collision energy was set at 8 V and collision gas pressure was 1.5 mTorr. MS-MS
scan time was set at 0.15 s. The peak width was maintained at 0.7 amu.

For sample preparation, a 1:1 mixture of ethyl-acetate:hexane was used and equal volumes of
blood plasma and extractant were put in centrifuge tubes and vortexed for 20 min. The samples were
then centrifuged and filtrated before injection.

To be able to determine low ppb levels, a GC-MS-MS technique was performed, which, compared
to traditional GC-MS methods, improves signal to noise values and thus sensitivity in the identification
of compounds. Full scan MS-MS was first employed in analytical standards which run individually to
determine the parent and daughter ions of the three terpenes and their retention times. Identification of
chromatographic peaks was accomplished by using the parent ion and most abundant daughter ion of
each compound and comparing the retention times with those of reference standards. For quantification,
blank plasma samples (collected prior to MO administration) were spiked with standard monoterpene
solutions (1–2000 μg/L), and were treated identically to the samples, since the standard addition
method used eliminates the matrix effect. The standard monoterpene solutions were prepared in ethyl
acetate in the range 2–2000 μg/L by diluting stock solutions (1 mg/mL). In all preliminary tests the
average recovery for the monoterpenes studied was >80% and the detection limit was 0.02 μg/L.

2.5.2. Kinetics of Monoterpenes in Plasma

The maximum concentrations of monoterpenes (Cmax) and the time intervals (Tmax) were
obtained from each participant’s plasma concentration–time curve. The area under the plasma
concentration–time curve (AUC) was analysed using the Linear Trapezoidal method.

2.5.3. Antioxidant Capacity

The susceptibility of serum lipoproteins to oxidation induced by copper sulphate was estimated
as previously described [12]. The produced conjugated dienic hydroperoxides were measured in
an Elisa reader (Biotek PowerWave XS2). The increase in absorbance (245 nm) was plotted against
time. The lag-time preceding oxidation was expressed in seconds (tLAG) according to Esterbauer and
Jurgens [13]. All experiments were conducted at least in duplicate.

2.6. Statistics

Data were analysed with the Statistical Package for the Social Sciences (SPSS 21.0, SPSS Inc.,
Chicago, IL, USA). Non-parametric Friedman’s test was applied to evaluate differences in terpenes
concentration and total serum oxidizability between the time-points. Level of statistical significance
was set at p < 0.05. All data are presented as mean values ± standard error of mean (SEM). The G*Power
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3 software (HHU, Dusseldorf-Germany, 2007) program was used to calculate the sufficient sample size
with anαlpha-value of 5% and a power of 0.8. The sufficient sample size obtained was eight participants.

3. Results

All subjects completed the intervention. No adverse effects of MO intake were reported. Table 2
presents anthropometry and biochemical profile at baseline. Biochemical indices of hepatic and renal
function were quantified to assess the safety of the dose administered (Table S2). As depicted in Table 2
and Table S2, all the parameters were within the normal range.

Table 2. Baseline characteristics.

Anthropometric

Age (year) 25.8 ± 2.4

Height (cm) 178.0 ± 1.7

Weight (kg) 85.2 ±3.7

BMI (kg/m2) 26.9 ± 1.2

Body fat (%) 19.9 ± 2.9

Total Body Water (%) 57.1 ± 2.0

Muscle mass (kg) 64.2 ± 1.4

Bone mass (kg) 3.3 ± 0.0

Biochemical

Red Blood Cells (/μL) 5,256,250.0 ± 111,624.9

White Blood Cells (/μL) 6923.8 ± 646.6

Hemoglobin (g/dL) 16.1 ± 0.4

Hematocrit (g/dL) 46.1 ± 1.0

Mean Corpuscular Volume (fl) 87.8 ± 1.1

Mean Corpuscular Hemoglobin Concentration (g/dL) 35.0 ± 0.3

Mean Corpuscular Hemoglobin (pg/RBC) 30.7 ± 0.3

Glucose (mg/dL) 89.5 ± 3.4

Total Cholesterol (mg/dL) 182.4 ± 11.6

Triglycerides (mg/dL) 86.7 ± 16.4

High-Density Lipoprotein (mg/dL) 45.3 ± 2.5

Low-Density Lipoprotein (mg/dL) 111.7 ± 7.4

High Risk Rate 4.0 ± 0.4

Values are Mean ± Standard Error of Mean.

3.1. Profiling of MO

The total ion chromatogram (TIC) of extract from MO is presented in Figure S1. The main peaks in
MO are respective to α-pinene (82.16%), myrcene (8.53%), and β-pinene (2.41%). Other phytochemicals
detected in MO included linalool (0.84%), limonene (0.83%), camphene (0.64%), caryophyllene (0.46%),
caryophyllene oxide (0.21%) and verbenone (0.20%).

3.2. GC-MS-MS Analysis of Plasma Samples

The major terpenes of MO, myrcene, α-pinene and β-pinene were detected in plasma samples
applying in-house GC-MS-MS based method. A typical chromatogram of a plasma sample of a
volunteer on time-point 4 h is depicted in Figure S2. The targeted monoterpenes could be detected
already 0.5 h after MO consumption. Myrcene concentration at 0.5 h (774.8 ± 64.0 μg/L) increased
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significantly compared with baseline (p = 0.012), reached its peak at 2 h (905.6 ± 44.6 μg/L) and followed
a decreasing trend until 24 h, when its concentration (648.2 ± 60.3 μg/L) was not significantly increased
compared with baseline (p = 0.128). Alpha-pinene level followed a similar pattern but reached the
peak at 4 h (839.1 ± 188.8 μg/L) with this concentration being significantly higher compared with
baseline (p = 0.008). The level of α-pinene on timepoint 24 h (80.6 ± 7.3 μg/L) remained significantly
increased compared with baseline (p = 0.028). The same pathway was followed for β-pinene. The peak
concentration was observed at 4 h (16.7 ± 3.5 μg/L) and was significantly increased compared with
baseline (p = 0.008). At 24 h the concentration (2.1 ± 0.3 μg/L) remained increased compared with
baseline (p = 0.046). The mean plasma concentration-time curves are illustrated in Figure 2.

Figure 2. Cont.
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Figure 2. Plasma concentration-time curves for β-pinene, myrcene and a-pinene. Values are presented
as mean ± standard error of mean. * p <0.05.

Table 3 depicts the plasma kinetic parameters, namely Cmax, Tmax and AUC. The highest Cmax
was observed for myrcene (966.6 ± 89.7 μg/L), while the lowest Cmax was observed for β-pinene
(18.0 ± 10.7 μg/L). The highest Tmax was 3.8 ± 1.2 h for α-pinene and the lowest was 2.2 ± 1.7 h for
myrcene. The highest AUC was observed for myrcene and the lowest for β-pinene.

Table 3. Kinetics of Myrcene, α-Pinene and β-Pinene in plasma.

Terpenes Cmax (μg/L) Tmax (h) Area Under Curve (μg·h/L)

Myrcene 966.6 ± 89.7 2.2 ± 1.7 15318.0 ± 7313.3

α-Pinene 914.8 ± 551.2 3.8 ± 1.2 7865.2 ± 5547.3

β-Pinene 18.0 ± 10.7 3.6 ± 0.9 164.0 ± 110.8

Values are Mean ± Standard Error of Mean.

3.3. Antioxidant Capacity

The antioxidant capacity is given as lag time (tLAG) in seconds, and particularly as the difference (ΔT)
of tLAG of each time point from tLAG 0 h. Antioxidant capacity tended to increase since time point 0.5 h.
This rise was significant on 1 h interval (653.2 ± 111.8 s), reached a peak on 2 h interval (1538.5 ± 327.2 s)
and remained statistically significant until 4 h post-ingestion (660.1 ± 129.3 s) (p < 0.05) (Figure 3).

Figure 3. Antioxidant capacity was estimated applying the copper sulphate oxidation assay. * p < 0.05.
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4. Discussion

Herein, we aimed at assessing whether humans absorb monoterpenes that are abundant in
MO. Previous experiments on rats set the oral lethal dose—LD50—of MO at a dose of 5 g/kg body
weight [14]. Our results show for the first time that MO consumption at the dose of 1 mL is safe, since
there were no adverse effects and the parameters of renal and hepatic function were within the normal
range after MO consumption. This finding is crucial, since natural products like MO could serve
as potent weapons against pathological conditions related with oxidative stress and inflammation.
This fact coincides with the postprandial kinetic study of Papada et al. with Mastiha at a dose of 10 g
(containing approx. 1 mL MO) [11].

According to our knowledge this is the first study showing that the major terpenes of MO are
bioavailable in human plasma using a method with a significant methodological advantage. To be able
to determine low ppb levels in a complicated matrix like blood plasma, a GC-MS-MS technique was
performed. Signal to noise improves significantly compared to traditional GC-MS methods.

Our results showed that myrcene, α-pinene and β-pinene are detected in plasma already after
0.5 h reaching their peaks at 2 h to 4 h post-ingestion. These time-points were slightly different; a
study on rats showed that α-pinene was also bioavailable by 0.17 h reaching its peak concentration in
plasma 2.5 h after oral administration [15]. However, it is important to mention that human and animal
metabolism share not only common but also different metabolic characteristics that do not allow us
direct comparisons and generalizations. As regards to our previous study in humans investigating
the absorption of triterpenes, we have shown similar patterns of kinetics. The main triterpenes of
Mastiha were detected 0.5 h after consumption and reached their peak concentration between 2 h and
4 h. These patterns coincided with the present study but cautious interpretation is necessary, since
Mastiha has a different matrix compared to MO and additionally triterpenes are much more complex
compounds than monoterpenes [11]. The fact that monoterpenes of MO reach the plasma unaltered
could partially explain the beneficial properties for human health that have been attributed to MO
since antiquity.

Herein the retention time of b-pinene was found lower to the respective of myrcene. This result is
in compliance with the study of Thao et al. [16] using a similar DB5 column. Overall, when the natural
product was profiled, more terpenes were detected compared to the blood samples. These results are
of no surprise since metabolism of terpenes is quite complex. Different pH conditions, mechanical and
enzymatic activities, and also transformations into generally more water-soluble and more readily
excreted in the urine compounds take place. These changes are observed primarily in the liver,
gastrointestinal tissue, lungs, kidneys, brain and blood [17].

As regards oxidative stress, we evaluated serum resistance to oxidation, which was significantly
increased on time point 1 h, reached a peak on time point 2 h and remained statistically significant until
4 h post-ingestion. In our previous study on the absorption of triterpenes that are abundant in Mastiha,
serum resistance to oxidation increased significantly at 4 h, reached its peak at 6 h and remained
significantly at 24 h. This effect was associated with the availability of the detected triterpenes in plasma.
Most studies evaluating the absorption of phytochemicals have reported a peak in serum antioxidant
capacity 1–2 h after ingestion, a finding that comes into agreement with our results. A postprandial
study of Kanellos and coworkers assessed the absorption and plasma kinetics of phytochemicals
present in raisins and their effect on serum oxidation resistance in healthy humans [18]. Serum
resistance to oxidation and plasma total phenolics reached their peak 1 h after raisin consumption.
Despite the similar patterns revealed, the different matrices of the foods been studied should not allow
us to make direct comparisons.

It is also important to mention that the terpenes detected and quantified in plasma could affect
directly oxidative stress, but also endogenous antioxidants may be implicated in the increase of
resistance to oxidation. However, we could hypothesize that the differences in antioxidant capacity
could be attributed to terpenes that have proven antioxidant properties [19]. A study on the essential
oil from black pepper that contains myrcene, α-pinene and β-pinene pointed out antioxidant properties
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in vitro [20]. More specifically, the essential oil scavenged diphenyl-2 picrylhydrazyl (DPPH), nitric
oxide (NO), 2,2′-azino-bis(3-ethylbenzthiazoline-6-sulphonic acid)ABTS and chelated Fe2+. Although
further research is necessary to investigate the direct effects of monoterpenes on antioxidant defense
mechanisms in humans, our results could point towards this direction.

Our protocol has significant strengths. Gender differences, the menopause and menstrual cycle
with hormonal fluctuations in females seem to affect the absorption of phytochemicals [21,22]. Thus, the
recruitment of males is one of our protocol’s advantages so that the kinetics of the monoterpenes is not
affected by those factors. Additionally, strict adherence to the inclusion and exclusion criteria during
recruitment of participants led to a homogenous sample. An additional strength is the application
of a GC-MS-MS technique not previously described in the monoterpene detection in human plasma.
This application allows for the identification and quantification of these aromatic phytochemicals even
at low detection levels without the matrix interferences.

5. Conclusions

This is the first study showing that myrcene, alpha- and beta pinenes abundant in MO and
several natural products are bioavailable in plasma already 30 min after consumption of a single dose.
Additionally, they may contribute to antioxidant defense since serum resistance to oxidation increased
1 h after their administration. Monoterpenes exhibit several beneficial effects and our findings could
contribute to understanding their usage and applications on human health. Proving that monoterpenes
in MO are bioavailable in human plasma is the first significant step towards the usage of foods and
natural products for medicinal purposes. Further research is necessary to characterize the kinetics of
these monoterpenes in human metabolism.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-8158/9/8/1019/s1,
Table S1: Nutritional analysis of MO, Table S2: Biochemical parameters of hepatic and renal function, Figure S1:
The total ion chromatogram (TIC) of extract from MO, Figure S2: Chromatogram of a plasma sample on time
point 4 h.
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Abstract: Terpenes are naturally occurring compounds produced by plants that are of great com-
mercial interest in the food, agricultural, cosmetic, and pharmaceutical industries due to their broad
spectra of antibacterial, antifungal, anthelmintic, membrane permeation enhancement, and antioxi-
dant biological activities. Applications of terpenes are often limited by their volatility and the need
for surfactants or alcohols to produce stable, soluble (non-precipitated) products. Yeast particles (YPs)
are hollow, porous microspheres that have been used for the encapsulation of terpenes (YP terpenes)
by passive diffusion of terpenes through the porous YP cell walls. We here report the development of
a second generation YP encapsulated terpene technology that incorporates the stimuli-responsive
control of terpene release using biodegradable pro-terpene compounds (YP pro-terpenes). YP ter-
penes and YP pro-terpenes were both produced, in which high levels of carvacrol, eugenol, thymol
and geraniol were encapsulated. The YP pro-terpenes show higher encapsulation stability than YP
terpenes due to pro-terpenes being non-volatile solids at room temperature and stable in suspensions
at neutral pH. YP pro-terpenes and YP terpenes were evaluated for biological activity in antibacterial,
antifungal and anthelmintic assays. The YP pro-terpenes retained the full biological activity of the
parent terpene compound.

Keywords: terpenes; yeast particles; antimicrobial; anthelmintic; prodrug

1. Introduction

Terpenes are a large class of naturally occurring organic compounds that constitute
primary components of essential oils obtained from plants. The term terpene is commonly
used to include basic terpenes or hydrocarbons consisting of isoprene repeating units
and terpenoids or modified terpenes containing additional functional groups (usually
oxygen-containing groups). Terpenes have long been recognized for a wide range of func-
tional properties (e.g., anthelmintic, antifungal, antibacterial, and antioxidant properties).
Terpenes are used as excipients due to their permeation enhancer properties, or as bioactive
compounds in pharmaceutical products, as fragrances, permeation enhancers and antiox-
idants in cosmetics, for their broad range of potential applications against pathogens in
agricultural products, and can be used as additives in food packaging to prevent bacterial
spoilage and oxidation [1–3].
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The use of terpenes can present challenges primarily associated with (1) the chemical
instability of some isolated terpenes when exposed to air, heat, light and moisture; (2) poor
water solubility, and (3) high volatility. It is usually necessary to produce terpene-based
products containing high levels of surfactants or alcohols. Applications of terpenes in
certain products such as food preservatives poses challenges due to safety limits and
marked organoleptic effects. Encapsulation of terpenes in nano or microstructured systems
has been employed as a common approach to develop terpene formulations with improved
chemical stability, shelf-life, additionally opening up the possibility to control terpene
release [4–8].

We have developed methods using yeast particles (YPs) to efficiently encapsulate high
levels of terpenes. YPs are 3–5 μm hollow and porous microspheres, a byproduct of the food
grade Baker’s yeast (Saccharomyces cerevisae) extract manufacturing process. We have used
YPs for the encapsulation of a broad range of molecules for drug delivery and agricultural
applications [9–15]. Our first-generation approach to load terpenes inside the hydrophobic
cavity of YPs is based on passive diffusion of terpenes through the porous microsphere cell
walls without the need for surfactants or alcohols. Short-term sustained terpene release
from YPs is the reverse process and is a function of terpene water solubility. This approach
has been successfully implemented to develop and commercialize a YP-terpene based
fungicide and nematicide for agricultural applications [16–21]. More recently, we have
identified YP terpenes with broad-acting anthelmintic activity [22], which could lead to the
development of formulations for oral terpene delivery for the treatment of gastrointestinal
worm parasites and other infectious agents.

To develop better controlled terpene release, as well as to avoid limitations associated
with terpene volatility and stability, we have developed a second generation YP terpene
encapsulation approach using non-volatile, biodegradable pro-terpene compounds. The
pro-terpene compounds are (1) solids at room temperature with a high melting point
to avoid terpene loss due to the high volatility of terpenes, (2) water insoluble to avoid
premature release from aqueous-based YP compositions, (3) stable at neutral pH, and
(4) susceptible to chemical (pH) or enzymatic hydrolysis of a biodegradable linker provid-
ing for controlled release. This approach was first demonstrated for the YP encapsulation
of a pro-carvacrol compound [23]. The YP pro-carvacrol was shown to have similar in vitro
antibacterial properties as YP carvacrol, but with the additional benefits of improved
stability and controlled, sustained carvacrol release from YPs.

In this article, we report the use of the YP pro-terpene encapsulation approach of four
terpenes: carvacrol, eugenol, thymol, and geraniol and expanded testing against a wider
range of applications. The YP terpene and YP pro-terpene compositions were character-
ized for controlled terpene release and screened in vitro for antibacterial, antifungal, and
anthelmintic activity in model systems. The results show the potential broad range of
applications of YP terpenes and YP pro-terpenes, and the advantage of YP pro-terpene
encapsulation to improve the formulation stability and to control terpene release.

2. Materials and Methods

2.1. Materials

Yeast Particles (YPs) were purchased from Biorigin (Louisville, KY, USA). Terpenes
(carvacrol, eugenol, thymol, and geraniol) were procured from Penta Manufacturing
(Livingston, NJ, USA). All reagents and solvents for synthesis and HPLC analysis were
obtained from Fisher Scientific (Waltham, MA, USA) or Sigma Aldrich (St. Louis, MO,
USA). Lysogeny broth (LB) was purchased from Sigma Aldrich and yeast peptone dextrone
(YPD) was prepared from DifcoTM yeast extract, DifcoTM Bacto peptone and dextrose
(all materials obtained from Fisher Scientific) at a composition of 1% yeast extract, 2%
peptone and 2% dextrose. Reagents for worm culture medium were purchased from Gibco
(Gaithersburg, MO, USA).
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2.2. Methods
2.2.1. Synthesis of Pro-Terpene Compounds

Pro-terpenes were synthesized from the reaction of the parent terpene compound
and ethylenediaminetetracetic acid (EDTA) dianhydride based on a previously described
procedure for phenolic terpenes [23,24]. Briefly, terpene (18 mmol) and triethylamine (TEA,
64 mmol) were dissolved in 75 mL of anhydrous tetrahydrofuran (THF). EDTA dianhydride
(9 mmol) was added slowly to the THF solution. The reaction mixture was stirred under
nitrogen, at room temperature, overnight. The mixture was diluted in 500 mL of water and
concentrated HCl was added to immediately acidify to pH 2. The precipitated product was
filtered, washed with water, and dried under vacuum.

Pro-carvacrol–Yield: 71%; off-white powder; 1H-NMR (DMSO-d6, 500 MHz): δ ppm,
7.2 (d, 2H, Ar-H); 7.04 (d, 2H, Ar-H); 6.9 (s, 2H, Ar-H); 3.9 (s, 4H, CH2); 3.67 (s, 4H, CH2);
3.03 (s, 4H, CH2); 2.89 (m, 2H, CH); 2.05 (s, 6H, CH3); 1.1 (d, 12H, CH3)

Pro-eugenol–Yield: 81%; off-white powder; 1H NMR (DMSO-d6, 500 MHz): δ ppm,
6.9–7.0 (m, 4H, Ar-H); 6.7–6.8 (d, 2H, Ar-H); 6.0 (m, 2H, CH); 5.0–5.1 (m, 4H, CH2); 3.8 (s,
4H, CH2); 3.7 (s, 6H, CH3); 3.5 (s, 4H, CH2); 3.4 (d, 4H, CH2); 2.9 (s, 4H, CH2)

Pro-thymol–Yield: 60%; off-white powder; 1H NMR (DMSO-d6, 500 MHz): δ ppm, 7.2
(d, 2H, Ar-H), 7.05 (d, 2H, Ar-H); 6.85 (s, 2H, Ar-H); 3.9 (s, 4H, CH2); 3.6 (s, 4H, CH2); 2.9
(s, 4H, CH2); 2.8 (m, 2H, CH); 2.2 (s, 6H, CH3); 1.1 (d, 12 H, CH3)

Pro-geraniol–Yield: 27%; off-white powder; 1H NMR (DMSO-d6, 500 MHz): δ ppm,
5.35 (m, 2H, CH); 5.1 (m, 2H, CH); 4.6 (m, 4H, CH2); 3.95 (s, 4H, CH2); 3.6 (s, 4H, CH2); 3.1
(s, 4H, CH2); 2.0–2.1 (m, 8H, CH2); 1.65 (m, 12 H, CH3); 1.55 (s, 6H, CH3)

2.2.2. YP Loading of Terpenes (YP Terpene)

Dry YPs were mixed with 0.5 μL water per mg YP. Then, terpene was absorbed into
YPs by adding 1 mg terpene per mg YP and incubated at room temperature for 18–24 h for
samples containing carvacrol, geraniol or eugenol, and at 65 ◦C for 18–24 h for samples
containing thymol.

2.2.3. YP Loading of Pro-Terpenes (YP Pro-Terpene)

Dry YPs were mixed with 0.5 μL water per mg YP. Then, pro-terpene was absorbed
into YPs by swelling the particles with a solution of pro-terpene in DMSO (2.5 μL/mg
YP). The samples were incubated at room temperature for 18–24 h to complete the loading.
The YP pro-terpene was then lyophilized, and the loading process was repeated until the
target concentration of encapsulated pro-terpene was achieved. YP pro-terpene samples
contained 1.78–1.85 mg pro-terpene per mg YP to yield 1 mg terpene/mg YP upon pro-
terpene hydrolysis.

2.2.4. Characterization of Terpene and Pro-Terpene Loading Efficiency

Samples were stained with Nile red to qualitatively assess loading by the fluorescence
microscopy of the encapsulated terpene or pro-terpene Nile red complex. YP terpene and
YP pro-terpene samples were suspended in water at a concentration of 10 mg YP/mL.
The samples were centrifuged to collect excess liquid (free terpene or pro-terpene). The
supernatants and YP pellets were incubated in 0.1 M sodium carbonate buffer (pH 10) for
3 h to hydrolyze pro-terpene and then the samples were diluted with methanol to quantify
free (supernatant fraction) and YP encapsulated (pellet fraction) terpene. Terpenes were
quantified by HPLC [22] operated with 32 KaratTM software version 7.0 (Beckman Coulter,
Inc, Brea, CA, USA), using a Waters Symmetry® C18 column (3.5 μm, 4.6 × 150 mm) with
acetonitrile:water 70:30 as mobile phase, flow rate at 1 mL/min, injection volume of 10 μL,
and terpene detection at 254 nm. This isocratic HPLC method allows for the detection of
single terpene samples with the following retention times: 3.35 min (carvacrol), 2.73 min
(eugenol), 3.35 min (geraniol), and 3.42 min (thymol). The quantification of terpenes was
done by measuring the peak area and interpolating the concentration using a calibration
curve obtained with terpene standards.
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2.2.5. Terpene Release from YPs

YP terpene and YP pro-terpene samples were suspended in phosphate buffer saline
(PBS, pH 7) at a concentration of 1 mg YP/mL (=1 mg terpene/mL) and incubated at
37 ◦C. Aliquots were collected at predetermined times, centrifuged and the supernatant
was collected to quantify terpene released from the particles by HPLC.

2.2.6. Antimicrobial Activity Assays in Model Bacterial and Fungal Organisms

The antimicrobial activity of YP terpene and YP pro-terpene was evaluated using
a modified microplate assay published procedure [25]. Samples of YP terpene and YP
pro-terpene were suspended in 100 μL of growth medium (LB was used in antibacterial
assays and YPD in antifungal assays) and added to the first row (Row A) of a 96-well plate
(all wells in the 96-well plate contain additional 100 μL medium). Serial dilution (1:1) was
performed by transferring 100 μL from Row A to Row B, etc., and finally removing 100 μL
from Row H. Diluted Escherichia coli Top10 (Invitrogen, Carlsbad CA) or Saccharomyces
cerevisae Cry1 [26] cells (100 μL, 106 cells/mL) were added to all wells of the plate. Initial
(t = 0) and final (t = 16 h, 37 ◦C) absorbance readings were taken at 650 nm. The minimum
inhibitory concentration (MIC) was determined as the concentration that inhibits bacterial
or fungal growth by more than 75%.

2.2.7. Antimicrobial Assay with Fractionated Samples

YP pro-carvacrol samples (10 mg carvacrol/mL) were incubated 18 h at 37 ◦C in fresh
LB and LB collected from E. coli culture (spent LB). The samples were centrifuged to collect
the supernatant and YP pellet fractions; an aliquot of the supernatant was used to quantify
released carvacrol by HPLC. The pellet fractions were suspended in water and an aliquot
was used for HPLC analysis. Both supernatant and pellet fractions used for HPLC analysis
were incubated in 0.1 M carbonate buffer (pH 10) for 3 h to hydrolyze pro-terpene and
then diluted with methanol (final composition of 90% methanol) to solubilize terpene.
The remaining supernatant and pellet samples were evaluated for antibacterial activity on
E. coli, as described above.

2.2.8. Simulated Digestion Assay

YP terpene and YP pro-terpene samples were suspended in simulated gastric fluid
(SGF) [27] containing 3.2 mg pepsin/mL at a concentration of 1 mg terpene/mL. The
samples were incubated for 1 h at 37 ◦C, centrifuged and the SGF supernatant was col-
lected. The pellet was suspended in simulated intestinal fluid (SIF) [28] containing 10 mg
pancreatin/mL, incubated at 37 ◦C for 1 h, and centrifuged to collect SIF supernatant. The
pellet was suspended again in SIF with fresh pancreatin, and incubated at 37 ◦C for 1 h.
Terpene released from YPs was quantified in all supernatants by HPLC.

2.2.9. Nematode Extract Assay

Ascaris suum 4th stage larvae (350 mg) were isolated from pig intestines between
14–21 days after inoculation [29] and were immersed in PBS (pH 7) or 0.1 M sodium acetate
buffer (pH 5) and sonicated with a microtip sonicator probe at maximum power multiple
times for 30 s until the worm was disintegrated. Samples were kept on ice during sonication.
Total protein in worm extracts was quantified using the bicinchoninic acid protein assay
kit (ThermoFisher Scientific, Waltham, MA, USA) with bovine serum albumin control
(10.3 ± 1.7 mg protein/mL in worm extract pH 7, 9.2 ± 0.5 mg protein/mL in worm extract
pH 5). YP pro-carvacrol samples were suspended in worm extract at a target carvacrol
concentration of 20 mg/mL for 24 h at 37 ◦C. Control YP pro-carvacrol samples were
incubated in PBS, acetate buffer, and 0.1 M carbonate buffer pH 10. Samples were diluted
1:1 with methanol, centrifuged, the supernatant was collected and the released carvacrol
was quantified by HPLC. Supernatants and YP pro-carvacrol pellets were evaluated for
antimicrobial activity on E. coli.
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2.2.10. Larval Development (Egg-to-Larvae (E2L)) Assay

An E2L assay was used to measure the effects of carvacrol and pro-carvacrol on the de-
velopment of cyathostomin larvae from eggs to third-stage larvae (L3) [30]. Cyathostomin
eggs were collected from the feces of an equine herd [31]. Approximately 60 nematode eggs
were added to each well of a 96-well plate using a repeat dispensing pipette. YP samples
(10 μL of each working solution) were impregnated into 90 μL of S medium with E. coli
OP50. Control wells received 10 μL of water only. The plates were incubated for 7 days
at 28 ◦C, larvae were then killed using Lugol’s iodine, and the number of fully grown
infective L3 were counted in each well. Each concentration-response experiment consisted
of triplicate wells.

2.2.11. Adult Worm In Vitro Screening

Ancylostoma ceylanicum worms were maintained in golden Syrian hamsters, as previ-
ously described [32]. Trichuris muris parasites were maintained in STAT6-/-mice [33]. Adult
worms were harvested from infected rodents and washed using prewarmed medium (RPMI
1640 with 25 mM HEPES (pH 7.2) and antimicrobials (100 U/mL penicillin, 100 μg/mL
streptomycin, fungizone (10 μg/mL for A. ceylanicum, 2.5 μg/mL for T. muris)). Worms
were manually picked into the wells of the 48-well screening plate (1 worm per well) con-
taining 250 μL RPMI per well. As serum is incompatible with the assays with YP-terpenes,
it was left out. YP terpene and YP pro-terpene samples were evaluated at a concentration
of 333 μg terpene/mL [22]. Assay plates were incubated at 37 ◦C and 5% CO2. Terpene
activity was determined by motility of adult worms measured with an in-house assem-
bled Worminator [34]. The Worminator consists of a dark field illuminator, plate holder
and video camera placed under the assay plate. Worm motility was recorded using the
“WormAssay” software [34], measuring the average motility in each well based on pixel
displacement between frames over a given time. Data is expressed as mean motility units
and percent inhibition of motility was calculated relative to the mean motility units of
control worms (worms incubated with media).

3. Results

3.1. Preparation and Characterization of Yeast Particle Encapsulated Terpenes and Pro-Terpenes
3.1.1. Synthesis of Pro-Terpenes

To improve the stability of YP-terpenes and to better control sustained terpene release,
we designed pro-terpene compounds with the following properties: (1) solid at room
temperature to prevent terpene loss due to high volatility of terpene compounds, (2) water
insoluble to avoid premature terpene release and loss in diluted samples, (3) stable at
neutral pH, and (4) susceptible to chemical or enzymatic hydrolysis of a biodegradable
linker providing for controlled terpene release.

Pro-terpenes were synthesized via ring-opening transesterification of EDTA dianhy-
dride with the hydroxyl group of terpenes (carvacrol, eugenol, thymol, and geraniol) in
the presence of triethylamine (TEA) to yield diacids of terpenes with ester biodegradable
bonds, as depicted in Figure 1. The pro-terpenes have high melting points compared to
terpenes (three of the terpenes are liquid at room temperature) and are practically insoluble
in water (Table 1). The high melting point, poor water solubility, and biodegradable linkers
make these pro-terpenes suitable candidates for the development of stable YP pro-terpene
formulations with controlled terpene release.
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Carvacrol: R1 = CH3, R
2 = H, R3 = iPr 

Eugenol: R1 = s, R2 = CH2CH=CH2, R
3 = H 

Thymol:    R1 = iPr, R2 = H, R3 = CH3 

Geraniol 

THF/TEA

THF/TEA

Figure 1. Synthesis of pro-terpenes.

Table 1. Melting point and solubility in water of terpenes and pro-terpenes.

Compound Melting Point (◦C) Solubility in Water

Carvacrol 1 3.5 1.25 mg/mL
Pro-carvacrol 2 156–158 Insoluble

Eugenol 1 −9.2 1.44 mg/mL
Pro-eugenol 2 167–169 <20 μg/mL

Thymol 1 51.5 0.90 mg/mL
Pro-thymol 2 135–138 Insoluble

Geraniol 1 −15 0.1 mg/mL
Pro-geraniol 2 Decomposes above 145 Insoluble

1 Terpene data from PubChem [35]. 2 Pro-terpene data determined experimentally.

3.1.2. Yeast Particle Encapsulation of Terpenes and Pro-Terpenes

YPs are 3–5 μm, hollow and porous microparticles derived from Baker’s yeast. The
porous cell wall structure makes these particles excellent absorbent materials, and payloads
can be loaded from aqueous and some organic solutions with high payload loading capacity
and efficiency in the large hollow cavity of the particles. Our first-generation terpene
encapsulation approach is depicted in Figure 2a and is based on the loading of terpenes
inside the hydrophobic cavity of YPs by the passive diffusion of the payload through
the porous cell walls in an aqueous suspension of YPs. High terpene loading (1:1 w/w
terpene:YP for materials reported in this publication and up to 3:1 w/w (unpublished
results)) is achieved with this method. Terpene release from YPs is based on passive
diffusion out of the particles and is a function of terpene water solubility with complete
terpene release in minutes to a few hours [22].

A second-generation approach was developed to better control terpene release from
YP encapsulated pro-terpenes (Figure 2b). The pro-terpenes are highly soluble in dimethyl-
sulfoxide (DMSO), a suitable solvent for payload loading in YPs that is removed by
lyophilization without loss of pro-terpene. Encapsulation of terpene and pro-terpenes
in YPs was assessed qualitatively by microscopy and quantitatively by HPLC. Nile red
dye was used to stain terpenes and pro-terpenes to visualize payload encapsulation, as
shown in Figure 2c for YP samples containing carvacrol. The HPLC results showed that
terpenes and pro-terpenes were encapsulated with >95% efficiency at a target loading ratio
of 1:1 terpene:YP or 1.85–1.90:1 pro-terpene:YP (to yield a 1:1 terpene:YP and 0.85–0.9:1
EDTA:YP ratio).
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Figure 2. Schematics of (a) diffusion-controlled terpene loading in YPs and terpene release, (b) pro-terpene loading in
YPs and stimuli-controlled terpene release and (c) microscopy images of Nile red stained YP control and YPs loaded with
carvacrol and pro-carvacrol.

3.1.3. Terpene Release from YP Terpene and YP Pro-Terpene Samples

Terpene release from YP terpene is based on passive diffusion out of the particles and
is a function of terpene water solubility. The four terpenes evaluated in this study have
similar water solubility (~1 mg/mL) and terpenes are rapidly released from YPs (e.g., >90%
carvacrol released at 1 h) upon dilution at concentrations equal or less than 1 mg/mL [22].

The pro-terpenes are water insoluble and their release from YPs is dependent on pH
or enzymatic hydrolysis of the ester bonds. We previously showed [23] that the kinetics
of pro-terpene hydrolysis is pH dependent with the ester bonds of the pro-terpenes being
susceptible to fast hydrolysis in basic pH (>50% pro-carvacrol hydrolyzed within 30 min at
pH 10) and increased stability at lower pH values (it took 4 days at pH 7, 21 days at pH 5,
and more than 2 months at pH 1.5 to reach 50% hydrolysis of pro-carvacrol) [23].

The YP terpene and YP pro-terpene compositions were evaluated for terpene release
in phosphate buffer saline (PBS, pH 7) at 37 ◦C. The results in Figure 3 clearly show that
YP pro-terpenes have greater pH 7 stability than YP terpenes. All YP terpene samples
rapidly released their payload in PBS upon dilution of the sample to 1 mg terpene/mL. YP
pro-terpenes resuspended in PBS at the same concentration showed a small burst release
(<20%), followed by slow hydrolysis and sustained terpene release over two weeks to
achieve complete control, and sustained terpene release from YPs.

Next, we evaluated YP terpenes and YP pro-terpenes samples for stability during
simulated digestion (Figure 4). Samples were first incubated in simulated gastric fluid
(SGF) containing pepsin, followed by incubation in simulated intestinal fluid (SIF) contain-
ing pancreatin.
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Figure 3. Kinetics of terpene release from YP terpene and YP pro-terpene containing (a) carvacrol, (b)
eugenol, (c) thymol, and (d) geraniol. Samples were incubated in 0.1 M phosphate buffer saline (PBS,
pH 7) at 37 ◦C at a concentration of 1 mg terpene/mL.
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Figure 4. Cumulative terpene released from YPs after 1 h incubation in simulated gastric fluid
(SGF) containing pepsin and after two 1 h incubations in fresh simulated intestinal fluid (SIF)
with pancreatin.
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Terpenes are released from YP terpenes in SGF, primarily due to terpene diffusion out
of the particles. YP pro-terpenes are stable in SGF due the pro-terpenes water insolubility,
slow hydrolysis at pH < 2, and non-susceptibility to degradation by pepsin (pepsin is an
endopeptidase that breaks amide peptide bonds). Terpenes were partially released from
YP pro-terpenes in SIF due to the presence of lipases in pancreatin that hydrolyze ester
linkages. Pancreatin activity in simulated digestion is lost within 1 h. To demonstrate the
effect of enzyme activity on YP pro-terpene hydrolysis and release, samples were subjected
to two sequential 1 h incubations in fresh SIF + pancreatin.

3.2. Biological Activity of YP Pro-Terpenes

The biological activity of YP pro-terpenes was evaluated against different model
organisms to demonstrate that YP encapsulated pro-terpenes retain the broad-spectrum
anti-pathogen effects (antibacterial, antifungal, and anthelmintic) of free terpenes and
YP terpenes.

Antimicrobial activity of YP pro-terpenes: YP pro-terpene samples were tested for
antibacterial activity against E. coli. Table 2 shows the minimum inhibitory concentrations
(MICs) of YP samples and controls. Empty YPs have no antimicrobial effect on E. coli. For
the three terpenes evaluated on E. coli, the free terpene, YP terpene and YP pro-terpene
samples show similar antibacterial activity. Hydrolysis of pro-terpenes generates EDTA
as byproduct and a control sample of YP+EDTA containing the same amount of EDTA
generated from pro-terpene hydrolysis was evaluated to confirm that the antimicrobial
effect of YP pro-terpene samples was due to the terpene released from the particles and not
from the EDTA byproduct.

Table 2. In vitro antibacterial activity on E. coli of free terpene, YP terpene and YP pro-terpene samples.

Sample MIC 75% (Average of n = 4)

Negative controls
Empty YP Not active

YP + EDTA 4244 ± 1400 μg EDTA/mL

Carvacrol samples

Carvacrol 625 ± 0 μg carvacrol/mL

YP carvacrol 677 ± 45 μg carvacrol/mL

YP pro-carvacrol 625 ± 0 μg carvacrol/mL

Eugenol samples

Eugenol 938 ± 361 μg eugenol/mL

YP eugenol 312 ± 0 μg eugenol/mL

YP pro-eugenol 625 ± 442 μg eugenol/mL

Geraniol samples

Geraniol 1094 ± 313 μg geraniol/mL

YP geraniol 781 ± 312 μg geraniol/mL

YP pro-geraniol 1094 ± 312 μg geraniol/mL

The antibacterial effect against E. coli is due to bacterial absorption of terpene present
in the LB medium added as free terpene or terpene released from YP terpenes (all MICs are
below the maximum solubility of terpenes in water). The kinetics of pro-terpene hydrolysis
at neutral pH (pH of LB = 6.8) make it unlikely to achieve high enough terpene release
from YP pro-terpene samples during the 18 h incubation required for this experiment.
Additionally, the pro-terpenes are insoluble in LB medium and YPs are not internalized by
E. coli; therefore, it is not possible for pro-terpene hydrolysis to occur inside the bacteria.
We hypothesized that YP pro-terpenes are hydrolyzed by esterases secreted from E. coli into
the LB medium. Samples of YP pro-carvacrol were incubated for 18 h in fresh LB or in LB
bacterial cell-free spent media collected after E. coli culture (LB spent media). The samples
were centrifuged to collect the supernatant and YP pellet fractions; carvacrol generated
from pro-terpene hydrolysis was quantified in supernatants by HPLC, and the samples
were added to E. coli to evaluate the antibacterial activity of each fraction (Table 3). The YP
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pro-carvacrol samples incubated in fresh LB medium released <5% of carvacrol. Samples
incubated in spent media released 35 ± 6% carvacrol into the supernatant confirming that
pro-terpenes are hydrolyzed by enzymes secreted from E. coli into the LB medium. The
HPLC analysis of the pellet fractions showed that carvacrol retained in the pellet was in
the form of pro-carvacrol for both samples incubated in fresh or spent media. The HPLC
results were used to correct carvacrol concentration in supernatant and pellet fractions
added to E. coli. The results in Table 3 show that only the pellet fraction was active for the
sample incubated in fresh LB medium and both fractions collected from spent LB medium
were active.

Table 3. In vitro antibacterial activity on E. coli of YP pro-carvacrol sample before and after incubation
in LB spent media.

LB Fraction MIC 75% (μg Carvacrol/mL, Average of n = 3)

Fresh
Supernatant Not active

Pellet 521 ± 180

Spent
Supernatant 500 ± 216

Pellet 729 ± 252

Next, we evaluated YP pro-terpenes for antifungal activity against S. cerevisae. The
results in Table 4 show that empty YP and YP+EDTA are not active against S. cerevisae and
the three terpenes evaluated in this assay show similar MIC values for free terpene, YP
terpene, and YP pro-terpene samples. The activity of YP pro-terpene sample is likely due
to a similar effect shown with E. coli, with terpene release from YPs upon hydrolysis of
pro-terpene induced by esterases secreted by fungi.

Table 4. In vitro antifungal activity on Saccharomyces cerevisae of free terpene, YP terpene and YP
pro-terpene samples.

Sample MIC 75% (Average of n = 3)

Negative controls
Empty YP Not active

YP + EDTA Not active

Eugenol samples

Eugenol 703 ± 773 g eugenol/mL

YP eugenol 390 ± 193 μg eugenol/mL

YP pro-eugenol 781 ± 362 μg eugenol/mL

Thymol samples

Thymol 312 ± 110 μg thymol/mL

YP thymol 1250 ± 442 μg thymol/mL

YP pro-thymol 781 ± 312 μg thymol/mL

Geraniol samples

Geraniol 703 ± 773 μg geraniol/mL

YP geraniol 312 ± 221 μg geraniol/mL

YP pro-geraniol 260 ± 90 μg geraniol/mL

Anthelmintic activity of YP pro-terpenes: We recently reported the testing of 17 YP
terpenes as broad-acting anthelmintics [22]. YP terpenes or subsets of them were active
against hookworms (Ancylostoma ceylanicum and Nippostrongylus brasiliensis) and whip-
worm (Trichuris muria), and overcame albendazole-resistant Caenorhabditis elegans. YP
encapsulation provides an approach that could lead to the development of anthelmintic
terpene formulations for oral delivery. The new YP encapsulation approach using pro-
terpenes with stimuli-controlled terpene release could provide materials that overcome
fast terpene release and absorption in the stomach.
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First, we evaluated if YP pro-terpenes are susceptible to hydrolysis by enzymes in
a nematode (Ascaris suum) extract. YP pro-carvacrol samples were incubated in Ascaris
extract at pH 7 and pH 5. Control samples were incubated in buffer only including a control
in 0.1 M carbonate buffer (pH 10) for complete pro-carvacrol hydrolysis and carvacrol
release from YP. The samples were centrifuged to collect the supernatant and YP pellet
fractions, carvacrol was quantified in supernatants, and both fractions were evaluated for
antimicrobial activity on E. coli. The results in Table 5 show that YP pro-carvacrol was
susceptible to hydrolysis by esterases in the Ascaris extract with 5–6-fold higher carvacrol
release in the Ascaris extract compared to buffer controls. There was antimicrobial activity
from terpene present in both supernatant and pellet fractions of samples incubated in
Ascaris extract, but only the pellet fraction of samples incubated in pH 7 and pH 5 buffers
is active. The control sample in pH 10 buffer (no worm extract) showed the expected
complete carvacrol release and antibacterial activity only in the supernatant fraction.

Table 5. Hydrolysis of YP pro-carvacrol in Ascaris suum extract and antibacterial activity on the E. coli of the supernatant
containing carvacrol released from the YPs and YP pellet fraction containing residual encapsulated pro-carvacrol.

Buffer ± Ascaris Extract
% Carvacrol Released from
YPs after 24 h Incubation

MIC 75%
(μg carvacrol/mL, Average of n = 3)

Supernatant Pellet

PBS (pH 7) 4.5 ± 1.8 Not active 597

Ascaris extract in PBS (pH 7) 27.9 ± 6.0 291 ± 101 451 ± 0

Acetate buffer (pH 5) 6.5 ± 0.9 325 584

Ascaris extract in acetate buffer (pH 5) 37.3 ± 9.5 155 ± 67 261 ± 113

Carbonate buffer (pH 10) 95.6 ± 1.2 598 Not active

Next, the biological activity of YP pro-terpenes and YP terpenes was assessed in three
in vitro nematode assays: (1) development of the horse parasite cyathostomin from egg to
third-stage larvae [30], (2) toxicity in adult hookworm (A. ceylanicum) and (3) toxicity in
adult whipworm (T. muris).

YP pro-carvacrol and YP carvacrol were evaluated in the cyathostomin E2L assay
with samples showing similar dose-response activity (Figure 5) completely inhibiting
E2L development at a concentration of 100 μg carvacrol/mL. A control of YP+EDTA also
had some toxicity (~40–45% inhibition of larvae development, data not shown) at the
highest EDTA concentration equivalent to the expected amount of EDTA generated from
the hydrolysis of YP pro-carvacrol at 100 μg/mL. The long incubation period (seven days)
required for the Cyathostomin E2L assay likely increased the impact of EDTA complexation
of metal ions critical in processes of larvae development.

YP pro-terpene and YP terpene samples were evaluated at a concentration of 333 μg
terpene/mL in the adult hookworm and whipworm assays. We previously identified all
four terpenes to have a fast-acting effect on hookworm at the selected terpene concentration
of 333 μg /mL [22]. We also demonstrated that hookworms readily ingest YPs which leads
to two possible mechanisms of terpene entry: (1) hookworm ingestion of terpene released
from YPs or (2) hookworm ingestion of YP terpene or YP pro-terpene and subsequent
terpene release inside the worms. The results in Figure 6 show that all samples were active
against hookworm after 2-h and 24 h incubation and YP+EDTA control was non-toxic.
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Figure 5. In vitro activity of carvacrol samples in cyathostomin egg-to-larvae (E2L) assay.

0

20

40

60

80

100

N
o 

tr
ea

tm
en

t

YP
 E

D
TA

YP
 c

ar
va

cr
ol

YP
 p

ro
-c

ar
va

cr
ol

YP
 e

ug
en

ol

YP
 p

ro
-e

ug
en

ol

YP
 th

ym
ol

YP
 p

ro
-th

ym
ol

YP
 g

er
an

io
l

YP
 p

ro
-g

er
an

io
l%

 in
hi

bi
tio

n 
of

 m
ot

ili
ty

0

20

40

60

80

100

N
o 

tr
ea

tm
en

t

YP
 E

D
TA

YP
 c

ar
va

cr
ol

YP
 p

ro
-c

ar
va

cr
ol

YP
 e

ug
en

ol

YP
 p

ro
-e

ug
en

ol

YP
 th

ym
ol

YP
 p

ro
-th

ym
ol

YP
 g

er
an

io
l

YP
 p

ro
-g

er
an

io
l%

 in
hi

bi
tio

n 
of

 m
ot

ili
ty

0

20

40

60

80

100

N
o 

tr
ea

tm
en

t

YP
 c

ar
va

cr
ol

YP
 p

ro
-c

ar
va

cr
ol

%
 in

hi
bi

tio
n 

of
 m

ot
ili

ty

0

20

40

60

80

100

N
o 

tr
ea

tm
en

t

YP
 c

ar
va

cr
ol

YP
 p

ro
-c

ar
va

cr
ol

%
 in

hi
bi

tio
n 

of
 m

ot
ili

ty

Hookworm (2 h) 

Whipworm (24 h) 

Whipworm (2 h) 

Hookworm (24 h) 

Figure 6. Inhibition of adult hookworm and whipworm motility by YP terpenes and YP pro-terpenes
after 2 and 24 h incubation (results are average of eight worms per treatment). Percent inhibition of
motility was calculated relative to the mean motility units of control worms (no treatment).
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YP pro-carvacrol and YP carvacrol samples were evaluated for in vitro activity in
the whipworm assay at a concentration of 333 μg/mL. Unlike hookworms, whipworms
do not ingest YPs and therefore toxicity of YP terpenes in whipworm only occurs due to
whipworm absorption of terpene released from YPs into the whipworm assay media [22].
The results in Figure 6 show >70% inhibition of whipworm motility after 2 h incubation with
YP carvacrol due to fast release of carvacrol from YP carvacrol, but the YP pro-carvacrol
sample is less active after 2 h incubation. This reduced activity after 2-h is expected as
carvacrol release from YP pro-carvacrol requires hydrolysis of pro-carvacrol mediated by
esterases secreted by whipworm into the media, followed by carvacrol diffusion from YPs.
Both YP carvacrol and YP pro-carvacrol showed similar inhibition of whipworm motility
after 24 h incubation.

4. Discussion

Terpenes are natural products of great commercial interest due to their wide array
of functional properties. Microencapsulation of terpenes in some products is challenging
due to their high volatility and susceptibility to degradation. We previously developed
methods to use yeast particles for the encapsulation of terpenes without the need for
alcohols or surfactants. These YP terpenes have been shown to exhibit broad anthelmintic
activity [22] and two YP terpene-based products have been developed and commercialized
as a fungicide and nematicide for agricultural applications [16–21]. The goals of developing
a second generation of YP terpene materials were to improve terpene encapsulation stability
and to provide for stimuli-responsive controlled terpene release. This new approach
employs pro-terpene compounds that are (1) solid at room temperature to avoid loss due
to the high volatility of terpenes, (2) water-insoluble to prevent premature release from YPs,
(3) stable at neutral pH, and (4) contain a stimuli-controlled (pH, enzyme) biodegradable
bond for controlled terpene release.

High encapsulation efficiency (>95%) of both pro-terpenes or terpenes in YPs was
achieved at a target terpene:YP weight ratio of 1:1. Terpene release from YP terpenes
is dependent on the diffusion of terpene from the particles and is a function of terpene
solubility with complete release in minutes to a few hours upon dilution of YP terpene
below its maximum solubility in water. Terpene release from YP pro-terpenes is a function
of pro-terpene hydrolysis in response to an external stimulus, followed by terpene diffusion
from YPs. Terpene encapsulation stability is improved using pro-terpenes, extending the
release of terpene at pH 7 from a few hours (YP terpene) up to two weeks (YP pro-terpenes).

The YP pro-terpene and YP terpene samples showed similar biological activity in
antibacterial, antifungal and anthelmintic in vitro assays. The activity of YP pro-terpene in
these assays is mediated by the presence of esterases to induce hydrolysis of the pro-terpene
and subsequent terpene release from YPs. The enhanced stability and controlled release of
YP pro-terpenes could allow for developing terpene formulations for applications such as
(1) environmental biocontrol agent applied directly to contaminated soil or a pass through
in feed to reduce transmission of gastrointestinal parasitic nematodes by targeting develop-
ing/infectious larvae of parasites that infect livestock and humans in the third larval stage
(e.g., cyathostomins, Haemonchus, Ostertagia, hookworms), (2) formulations for oral delivery
of terpenes for targeting of internal gastrointestinal parasites, and (3) controlled-release
of terpenes as food fragances and flavors, or as antimicrobial agents in food preservation.
Future work will focus on the in vivo evaluation of YP pro-terpenes.

This new approach of payload encapsulation in YPs using pro-terpenes can be ex-
panded to a broad range of small drug molecules that are difficult to trap using previously
developed yeast particle drug encapsulation methods. We are currently investigating this
approach to stably generate encapsulated yeast particle pro-drugs with stimuli-controlled
drug release for a broad range of payload molecules such as antibacterials (e.g., isoniazid,
oxazolidinones, and cycloserine), anti-inflammatories (e.g., naproxen, ibuprofen), and
chemotherapeutics (e.g., doxorubicin).
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5. Conclusions

Yeast particles can be used for the encapsulation of scaffolded terpene compounds
containing a biodegradable linker to control terpene release. These YP pro-terpene samples
exhibit the same loading capacity as YP terpenes, and with additional benefits of improved
stability and control over terpene release in response to pH or esterase induced hydrolysis
of the pro-terpene compound. Both YP terpenes and YP pro-terpenes exhibit biological
activity in antimicrobial and anthelmintic assays.

6. Patents

Yeast Cell Wall Particle Encapsulation of Biodegradable Pro-Payloads. G.R. Ostroff
and E. R. Soto. US Patent App. 16/981,072, 2021. 28 January 2021.
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