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Preface to "Isolation and Utilization of Essential Oils:
As Antimicrobials and Boosters of Antimicrobial
Drug Activity”

In the search for new antimicrobial lead compounds, there has been a renewed interest in
natural-product-based screening, driven by the fact that plants present a unique pool of compounds.
The volatiles produced by plants and present in essential oils possess a broad spectrum of biological
properties with applications in many revenue-generating sectors, such as the pharmaceutical,
nutraceutical, cosmetic, perfume, agronomy, and sanitary industries. Essential oils are a complex
blend of small volatile molecules that play an important role in plant-defensive responses to various
attacks, including microbial attacks, and their broad-spectrum antimicrobial activities have generated
impressive scientific reports. Furthermore, due to their multicomponent nature, essential oils have
a low potential for the development of microbial resistance. The combination of antimicrobial
agents with natural products has recently become a research priority. The synergistic interactions
between essential oil constituents and antimicrobials are very promising approaches to overcome
microbial resistance. The combinations of essential oil constituents and antimicrobial drugs can exert
a multitarget activity, being effective in reducing or reversing microbial resistance. Additionally, such
combinations have the advantage of reducing the effective doses of both antimicrobial and essential
oils, being consequently less toxic than the separated components. The encapsulation of essential
oils in nano- and micro-delivery systems (molecular inclusion complexes, polymeric and colloidal
systems) is another promising antimicrobial strategy that is currently being extensively investigated.
The formulation of essential oils is an efficient approach to boost their antimicrobial activity against
different pathogens; it allows overcoming some limitations that result from their physicochemical

properties, such as low water solubility, high volatility, and chemical instability.

Elwira Sieniawska, Greige-Gerges Helene, and Adriana Trifan
Editors
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In the search for new antimicrobial lead compounds, interest in natural-product-based
screening has enjoyed a renaissance, driven by the fact that plants present a unique pool
of compounds. Volatiles produced by plants and present in essential oils possess a broad
spectrum of biological properties with applications in many revenue-generating sectors,
such as the pharmaceutical, nutraceutical, cosmetic, perfume, agronomy, and sanitary
industries. Essential oils are a complex blend of small volatile molecules playing an impor-
tant role in plant-defensive response to various insults, including microbial attacks, and
their broad-spectrum antimicrobial activities have generated impressive scientific reports.
Furthermore, due to their multicomponent nature, essential oils have low potential for
the development of microbial resistance. The combination of antimicrobial agents with
natural products have recently become a research priority. Synergistic interactions between
essential oil constituents and antimicrobials are very promising approaches to overcome
microbial resistance. The combinations of essential oil constituents and antimicrobial drugs
can exert a multitarget activity, being effective in reducing or reversing microbial resistance.
Additionally, such combinations have the advantage of reduced effective doses of both
antimicrobial and essential oils, being consequently less toxic than separated components.
The encapsulation of essential oils in nano- and micro-delivery systems (molecular in-
clusion complexes, polymeric and colloidal systems) is another promising antimicrobial
strategy that is currently extensively investigated. The formulation of essential oils is an
efficient approach to boost their antimicrobial activity against different pathogens; it allows
overcoming some limitations that result from their physicochemical properties, such as low
water solubility, high volatility, and chemical instability.

The main focus of this thematic collection was placed on the antimicrobial activity of
essential oils and their combinations, including the eradication of the existing biofilms; the
explanation of mechanisms underlying antimicrobial activity; and the preparation of stable
formulations with essential oils boosting their antimicrobial activity and providing greater
stability. These issues were addressed in four research papers and three reviews, which
present novel advances in the development and application of essential oils as antimicrobial
agents via combinatorial and nano-based approaches.

Azevedo et al. [1] developed a stable nanoemulsion (NE) containing Croton cajucara
7-hydroxycalamenene-rich essential oil (NECC) with antifungal activity. The authors
found the best NECC antifungal activities against Mucor ramosissimus (MIC = 12.2 ug/mL)
and Candida albicans (MIC = 25.6 ug/mL). The formulation totally inhibited extracellular
proteases secreted by both studied species and showed no hemolytic effect at the highest
tested concentration (2 mg/mL).

Widelski et al. [2] analyzed a panel of essential oils obtained from selected Apiaceae
species cultivated in Poland. Eos obtained from Heracleum dulce, Seseli devenyense, and

Processes 2022, 10, 309. https:/ /doi.org/10.3390/pr10020309
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Seseli libanotis exerted the strongest antimicrobial activity, mostly against Gram-positive
bacterial strains.

Pachi et al. [3] tested the antimicrobial activities of Chios Mastic Gums (CMGs) with
their respective Chios Mastic Oils against fungi and bacteria. They found a moderate
antimicrobial activity of mastic and its essential oil and proposed an HPTLC method for
the standardization and assessment of the ageing effect on the 0il’s composition.

Perut et al. [4] investigated the biofilm degradation ability of Juniperus communis and
Helichrysum italicum EOs against nontuberculous mycobacteria found in plumbing systems,
including pipes, tanks, and fittings. They found that H. italicum EO showed the strongest
biofilm degradation ability against tested strains. Additionally, synergistic combinations of
both EOs were effective against investigated mycobacterial strains and can be regarded
as potential biofilm degradation agents for use in small water systems such as baths or
hot tubs.

Sebaaly et al. [5] discussed the chitosomal encapsulation of EOs in order to ensure tar-
geted delivery and boosted antimicrobial efficacy. Chitosomes, chitosan-coated liposomes,
were shown to be a promising strategy overcoming major drawbacks related to the chemical
properties of EOs (low water solubility, sensitivity to oxygen, light, heat, and humidity)
and their poor bioavailability. The high biocompatibility and biodegradability of chitosan
forming polymeric layers on conventional liposomes opens new potential applications as
drug delivery systems in the pharmaceutic, cosmetic, and food industries.

Nuta et al. [6] targeted the rising problem related to the occurrence of biofilm-associated
ailments. They presented the current literature data on the applications of EOs in chronic
wounds and biofilm-mediated infections treatment, alongside the mechanisms of the
microbicidal and antibiofilm activity of EOs. The synergistic activity of EO and other
antimicrobials, as well as the use of EOs in food industry and as air disinfectants, were
also discussed. The same authors raised an issue of difficulties in testing antimicrobial
activity of EOs due to their lipophilicity and volatility, and several methods to overcome
such challenges were proposed.

Leong et al. [7] provided an insight into the different aspects of antimicrobial activity
exhibited by lavender essential oil and its constituents, which are known for their wound
healing effects. The authors discussed the synergistic effects displayed by combinatory
therapy involving this EO and explored the significance of nano-encapsulation in boosting
its antimicrobial effects.
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Abstract: The purpose of this study was to develop a stable nanoemulsion (NE) containing Croton
cajucara 7-hydroxycalamenene-rich essential oil (NECC) with antifungal activity. The NECCs were
prepared using an ultrasonic processor with Pluronic® F-127 as the aqueous phase. In order to
evaluate the NECCs, the droplet size, polydispersity index (PdI), percentage of emulsification,
and pH were determined along with a stability study. The NECC selected for the study had 15%
surfactant, showed 100% emulsification, Pdl of 0.249, neutral pH, droplet diameters of about 40 nm,
and remained stable over 150 days at room temperature. In addition, the NECC activity against some
species of Zygomycetes and Candida, as well as the potential to inhibit fungal extracellular proteases,
were assessed, and, finally, the hemolytic activity was evaluated. The best NECC antifungal activities
were against Mucor ramosissimus (Minimal inhibitory concentration (MIC) = 12.2 pg/mL) and Candida
albicans (MIC = 25.6 pug/mL). The highest extracellular protease activities of M. ramosissimus and C.
albicans were detected at pH 3 and 4, respectively, which were totally inhibited after NECC treatment.
The NECC showed no hemolytic effect at the highest concentration tested (2 mg/mL).

Keywords: nanoemulsion; Croton cajucara; essential oil; antifungal activity

1. Introduction

Nanoemulsions, unlike microemulsions, are metastable submicron oil-in-water disper-
sions with droplet diameters in the range of 10-100 nm, though they can also be described
between 20 and 200 nm. They are produced by high-energy methods such as ultrasound
generators, high shear agitation, and high-pressure homogenizers. Potential advantages of
nanoemulsions over conventional emulsions such as good physical stability, sterilization
by filtration, high bioavailability, and low turbidity make them attractive systems for use
in the food, cosmetics, and pharmaceutical industries. Nanoemulsions serve as delivery
agents for lipophilic bioactive compounds, such as drugs, in the pharmaceutical industry,
for flavors and antimicrobial agents in the food industry, for solubilizing water-insoluble
pesticides in the agrochemical industry, and as a vehicle for skincare and personal products
in cosmetics [1-3].

Nanoemulsions have several potential advantages over emulsions for encapsulating
functional lipophilic components. The small size of the droplets in nanoemulsions signifi-
cantly reduced the rate of destabilization mechanisms, such as gravitational separation,
flocculation, and coalescence. Another potential advantage of using nanoemulsions is that
the small droplet size means they are transparent or only slightly turbid [4].

Processes 2021, 9, 1872. https:/ /doi.org/10.3390/pr9111872
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Ultrasonic emulsification is a high-energy method to produce nanoemulsions and is
well documented as a fast and efficient technique for formulating stable nanoemulsions
with tiny droplet diameters and low polydispersity. The method applies sound waves
with frequencies greater than 20 kHz by using a sonotrode to cause mechanical vibrations
followed by the formation of acoustic cavitation. The collapse of these cavities generates
powerful shock waves that break the larger droplets. The size of the droplet diameters
can be controlled by optimizing the process parameters such as oil concentration, emul-
sifier concentration, the mixing ratio of oil and surfactant, viscosity of continuous phase,
emulsification time, and energy input [2].

Regarding the clinical use of nanoemulsion in the delivery of antimicrobial drugs,
nanoemulsion formulations can be at oral and intravenous (IV) administrations. In addition,
nanoemulsions can decrease the volatility of the drug, increase the time of the drug in the
bloodstream, and improve its absorption by enterocytes [5].

Croton cajucara Benth. (Euphorbiaceae), popularly known as “sacaca”, is a plant
found in the Amazonian region with a safe history of use in folk medicine. Both the
bark and the leaves of C. cajucara are popularly used in teas and pills to treat various
diseases, including diabetes, diarrhea, stomachaches, fevers, hepatitis, and malaria. In
addition, C. cajucara also presented anti-genotoxicity, anti-atherogenic, anti-tumor, anti-
ulcerogenic, hypoglycemic, hypolipidemic, anti-estrogen, anti-inflammatory, and anti-
nociceptive properties [6]. Two morphotypes of C. cajucara are known, white “sacaca”
and red “sacaca”, which are usually identified by the young leaf color and stems. In
general, essential oils from the white morphotype are rich in linalool, while those from
the red morphotype are rich in 7-hydroxycalamenene [7]. The essential oil of the leaves
from the red morphotype and its major constituents were previously described to possess
antibacterial, antifungal, and antileishmanial properties [7-10].

Mucormycosis (also known as zygomyecosis) is a fungal infection caused by the
Mucorales order fungi, which can be present in the soil and decaying organic matter, such as
leaves, compost piles, and rotten wood. Mucormycosis is characterized by hyphal invasion
of sinus tissue and a time course of less than 4 weeks. Uncontrolled diabetes mellitus
and other forms of metabolic acidosis, corticosteroid treatment, organ or bone marrow
transplantation, neutropenia, trauma and burns, malignant hematologic disorders, and
deferoxamine therapy in hemodialysis patients are all major risk factors for mucormycosis.
Therefore, new strategies to prevent and treat mucormycosis are needed, and such strategies
can be aided by a thorough understanding of the disease’s pathogenesis [11,12].

Candida spp. can cause a wide range of pathologies of varying degrees depending on
the pathogen and the host’s immune condition. The colonization of the mucous membranes
can occur by a change in the microbial population of the microbiota with a preponderant
growth of Candida, which can then develop into a disseminated form. The deep infections
result from dissemination that leads to a septic state that can evolve to multi-organ failure.
Host risk factors associated with candidemia and invasive candidiasis are mainly related to
neutropenia, prolonged hospitalization, the use of broad-spectrum antibiotics, chemother-
apy, mucosal colonization, vascular catheters, parenteral nutrition, major surgery (mainly
the gastrointestinal tract), and renal failure. In addition, some patients have a higher risk
of developing candidemia due to their underlying medical conditions before admission as
transplant recipients, diabetics, and elderly patients [13].

The aspartic proteases (E.C.3.4.23), also named acid proteases, are a group of endopep-
tidases with aspartic acid residues at their active site. Aspartic proteases that are excreted
are called secreted aspartic proteases (sap’s). The main functions of sap’s are their use
as microbial coagulants in cheese making in substitution of calf rennet, plant invasion of
phytopathogens, and fungal invasion in infection of the human host (e.g., zygomycosis and
candidemia). The sap’s aid in the colonization and penetration of tissues in zygomycosis
and candidemia [14].

This study investigated the potential of using the C. cajucara essential oil release system
for its antifungal activity. Nanoemulsions were developed and evaluated in terms of the
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emulsification percentage, droplet size, polydispersion index, pH, stability, and morphol-
ogy by transmission electron microscopy, and their antifungal activity was determined.

2. Materials and Methods
2.1. Plant Material and Essential Oil Extraction

Plant material from C. cajucara was obtained from the EMBRAPA Experimental Farm,
Amazonas, Brazil. A voucher specimen was deposited at EMBRAPA Amazonia Oriental
Herbarium (registry IAN 165013). Leaves of C. cajucara were collected between 8 and
9 a.m., dried at room temperature, and coarsely ground into powder just before distillation.
The oil was obtained by hydrodistillation in a modified Clevenger apparatus over a 5 h
period [7].

2.2. Essential Oil Analysis

C. cajucara essential oil (SO, sacaca oil) was analyzed in an Agilent 6890 N gas chro-
matograph fitted with a 5%-diphenyl-95%-dimethylpolysiloxane capillary column (HP-5,
25m x 0.32 mm x 0.25 pm). Mass spectra were obtained with an Agilent 5973 N sys-
tem, according to Pereira et al. (2011). The results were compared with data from the
literature [15,16].

2.3. Oil-in-Water Nanoemulsion Preparation

Different NEs containing SO, as the oily phase, and Pluronic® F-127, as the aqueous
phase, were produced. The amount of surfactant in the aqueous phase was prepared in
three concentrations: 10%, 12.5%, and 15%. The optimal surfactant concentration was
15%, as it remained in the liquid state, and the amount of essential oil was 5% (Table S1,
Supplementary Material). NEs were produced using, first, a Vortex® (KASVI® model K40-
1010) for 1 min for homogenization and then, second, an ultrasonic processor (UP100H,
Hielscher®) with 100 watts and 30 kHz, in cycle 1. Samples were sonicated under an ice
bath at 5 °C. After production, they were tested for storage stability in an incubator at
37 °C, room temperature at 25 °C, and in a refrigerator at 3 °C [17].

2.4. Particle Mean Size and Size Distribution

The mean size of the NEs droplets (diameter in nm) was determined by the dynamic
light scattering (DLS) technique using a Zetasizer, Nano® S90 (Malvern Instruments®), with
optics of 90° scattering detector angle, at room temperature (25 °C). Transmission electron
microscopy was also performed to visualize the structure of the NEs and confirm their size.
The NEs were diluted 1:50 in distilled water for these analyses, and the measurements
were performed at room temperature (25 °C). DLS was used to screen the preparations, in
which the smaller size and lower polydispersity index (PdI) were selected. Analyzes were
performed in triplicate, and the results are expressed as the mean =+ standard deviation [17].

2.5. Percentage of Essential Oil Emulsification

The percentage of essential oil emulsification was obtained spectrophotometrically
(SpectraMax M5/Molecular Devices) by making a standard curve of the C. cajucara essential
oil and comparing it with ultrasonicated Pluronic® F-127 and the NEs. The percentage of
essential oil in nanoemulsion was obtained through logarithmic regression.

2.6. Kinetics Stability

Kinetic stability tests were performed after 7 days of storage of the NEs at room
temperature (25 °C) and repeated after 30, 60, 90, 120, and 150 days in storage and evaluated
by the percentage of emulsification.
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2.7. Hydrogenionic Potential (pH)

The hydrogenionic potential (pH) was measured using the Bante Instrument poten-
tiometer model 922. The readings were performed in fresh and 150-storage-day samples,
at room temperature (25 °C) and at the kinetic stability times.

2.8. Antifungal Activity Assay of Nanoemulsion of Croton cajucara (NECC)

The antifungal activity of nanoemulsions containing essential oil of C. cajucara red
morphotype was evaluated against Absidia cylindrospora (URMA4476), Cuninghamella ele-
gans (URM2084), Mucor circinelloides (LIKA0066), M. mucedo (LIKA0072), M. ramosissimuis
(URM3087), Rhizopus microsporus (LMC123), R. oryzae (UCP1506), and Syncephalastrum
racemosum (UCP1550), as well as C. albicans (ATCC 10231), C. albicans serotype A (ATCC
36801), and C. albicans serotype B (ATCC 36802). Emulsions without the essential oil of
C. cajucara were also tested as an antifungal activity control. In addition, the purified
7-hydroxycalamenene (7-OH) obtained elsewhere [7] was also tested, and its antifungal
minimal inhibitory concentrations (MICs) could be compared with the results obtained for
the essential oil of C. cajucara nanoemulsions.

The microdilution broth methods were used according to CLSI reference documents
M27-A2 [18] for yeasts and M38-A2 [19] for filamentous fungi. Positive and negative
growth controls and blanks were made. The antifungal activities of sonicated Pluronic
at nanoemulsion concentration were also made and showed no activity to any fungi. All
experiments were performed in duplicate and repeated twice. The nanoemulsion was
diluted 1:1 in RPMI broth, and an aliquot of 100 uL was placed in the first well of the
microplate to initiating serial dilution.

To evaluate the fungicide/fungistatic properties of C. cajucara essential oil nanoemul-
sion, a 10 pL aliquot of serial dilutions was dropped on the surface of potato dextrose agar
and incubated at 37 °C for 72 h or Sabouraud agar and incubated at 37 °C for 48 h. If
growth is observed, the nanoemulsion activity is fungistatic; if not, it is fungicidal.

2.9. Activity of Extracellular Proteases

In order to evaluate a possible mode of action of NECC, the supernatants of fungi grown
in RPMI at MIC conditions were collected and filtered by sterile Millipore (0.22 um). The
supernatants enzymatic activities were determined according to Almeida et al. (2018) [20] with
some modifications. First, 20 uL of the supernatant was added to 20 uL BSA (1 mg/mL)
and 60 pL buffer (pH 1.0-11.0) onto a 96-well plate. Then, after 1 h of incubation at 37 °C,
100 pL of Bradford solution (0.025% Coomassie Blue G-250, 11.75% ethanol, and 21.25%
phosphoric acid) was previously diluted (1:1) and added. Negative control was prepared
by adding the substrate immediately after the incubation period. Finally, the plate was
read on a spectrophotometer (SpectraMax M5) at 595 nm. One unit of enzyme activity was
defined as the total enzyme that causes an increase of 0.001 in absorbance unit under the
standard assay conditions.

Alternatively, the supernatants were pre-incubated for 20 min at 37 °C in the presence
or absence of pepstatin A (10 mM) and NECC (in the minimum inhibitory concentration).
In the latter case, the results are expressed as a relative percentage of activity.

2.10. Hemolytic Activity

Cytotoxicity against erythrocytes was determined by the spectrophotometric as-
say [21]. Human blood samples (O+) were collected from a healthy volunteer into BD™
Vacutainer™ Citrate tubes. The blood samples were centrifuged (2000 rpm/5 min), washed
three times with phosphate buffer saline (PBS, pH 7.2), and a final cellular suspension was
prepared (4%, in PBS). Aliquots of 80 uL were distributed into 96-well microplates, where
20 uL of different concentrations (0.03 to 2 mg/mL) of NECC were previously deposited.
Emulsions without the essential oil of C. cajucara were also tested as a hemolytic activity
control. After 1 h at 37 °C, the reaction was slowed down by adding 200 uL of PBS or dis-
tilled water (positive control for 100% hemolysis). Next, the microplates were centrifuged,
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and the supernatant was collected for spectrophotometric analysis at 540 mn (SpectraMax
M5, Molecular Devices, CA, USA). Three independent experiments were performed, and
the results were expressed as a percentage of hemoglobin released by treated cells relative
to the positive control. The blood collection procedures were approved by the Institutional
Ethics Board (CAAE 35524814.4.0000.0107). In addition, the informed consent form was
duly signed by the volunteer.

3. Results and Discussion

GC-MS of the essential oil from C. cajucara showed that it is rich in 7-hydroxycalamenene
(Table 1), the expected major constituent of the red morphotype, which has been previously
described as responsible for its antimicrobial activities [7-10].

Table 1. Composition of C. cajucara essential oil used in the nanoemulsion formulation.

Peak LRI* Area % Identification
1 1459 2.32 aromadendrene<allo>
2 1480 243 germacrene D
3 1494 1.14 bicyclogermacrene
4 1498 3.3 a-muurolene
5 1513 6.77 y-cadinene
6 1522 11.01 d-cadinene
7 1554 6.1 germacrene B
8 1575 1.08 spathulenol
9 1580 5.48 caryophyllene oxide
10 1626 2.34 dill apiole
11 1640 5.86 T-cadinol
12 1652 147 a-cadinol
13 1803 50.63 7-hydroxycalamenene
Total 99.93

* Linear retention index.

The nanoemulsion formulations were prepared with Pluronic® F-127 at concentrations
of 10%, 12.5%, and 15%. The concentration chosen was the one that remained in the liquid
state, which was 15%, the temperature that kept NECC stable was room temperature
at 25 °C, and the concentration of 7-hydroxycalamenene in the nanoemulsion obtained
was 52.63 mg/mL. The average PdI obtained for the formulation was 0.249 + 0.014,
showing that NECC is monodisperse, indicating size homogeneity. The average size was
45.56 + 15.76 nm, obtained by the Z-average size parameter of the equipment report.

Using the graph in Figure 1, it was possible to calculate the percentage of essential oil
emulsification based on the logarithmic regression equation. The value encountered was
100%.

Figure 2A shows that the size distribution remained within the expected limits of
the kinetic stability test. In addition, the evaluation of its shelf-life test showed at least
5 months of size stability.
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Figure 1. Logarithmic regression to calculate the percentage of emulsification of C. cajucara essential oil. Standard curve of

the C. cajucara essential oil compared with ultrasonicated Pluronic® F-127 and the NEs. The percentage of essential oil in

nanoemulsion was based on the equation obtained through logarithmic regression.

Most patients with rhinocerebral zygomycosis have problems with pH due to diabetic
ketoacidosis. In systemic acidosis, the iron of proteins is released to the serum, and these
two conditions promote the growth of zygomycetes spreading the infection [22]. Therefore,
medicines with a neutral or slightly basic pH can help fight infection and help with tissue
repair. Thus, the pH of 7.3-8.3 (Figure 2B) obtained by the formulation at the stability study
kept at room temperature (25 °C) was considered suitable for human testing.

The NEs were observed by transmission electron microscopy (Figure 3), and a droplet
size of about 40 nm measured by DLS was confirmed. The NECCs are spherical, and
the shape is regular, as described by de Siqueira et al. 2019 [17]. Arrows indicate small
oil drops. Some drops are isolated, and others are agglomerated. This is because TEM
requires the removal of the aqueous phase causing agglomeration of the oil droplets of the
nanoemulsion. In the clusters of drops, the light parts are oil drops, and the dark parts are
the fused surfactant layers. In isolated drops, the light part is the oil drop, and the dark
part is the surfactant layer.
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Figure 2. Size distribution of nanoemulsion by number (A) and pH of the nanoemulsion prepared with 15% of Pluronic®
F-127 over days (B). T = time in days.
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Figure 3. Transmission electron microscopy of NECCs (black arrows) at 71,000 of magnification and 80 kV of accelerating

voltage.

The evaluation of NECC activity in inhibiting the microbial growth of microorganisms
of medical importance was promising, as can be seen in Table 2. Emulsions without the
essential oil of C. cajucara were also tested as a control, and no inhibitory activities were
detected in all fungi tested.

The Euphorbiaceae family has several species with biological activities as antifun-
gal [23], biolarvicidal and pupicidal [24], antioxidant and anticancer [25], and antibacte-
rial [26]. Our research group has previously described the antifungal [7-9,27], antibac-
terial [9], antileishmania [10], and antioxidant [9] activities of Crofon cajucara essential
oil.

The MIC assays show that the zygomycetes species tested are very sensitive to NECC
and the most promising activities were against Absidia cylindospora, Mucor ramosissimus,
and Syncephalastrum racemosum, all common agents of zygomycosis. However, NECC
improved the essential oil activity against M. ramosissimus and S. racemosum, while the non-
emulsified essential oil was not effective against these fungi. All Candida albicans strains
tested were susceptible to NECC. According to Azevedo et al. (2014) [7], zygomycetes
were shown to be sensitive to 7-hydroxycalamenene because this substance affected these
fungi respiratory chain and spores germination. Azevedo et al. (2016) [27] showed that
7-hydroxycalamenene also demonstrated intense activity against some strains of C. albicans,

11
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and their proteases were also inhibited. Different authors showed other relevant activities
as inhibition of lipidic peroxidation [28], leishmanicidal [10], and therapeutic potential for
Alzheimer’s disease [29].

Table 2. Minimal inhibitory concentration (MIC) of NECC and 7-hydroxycalamenene (7-OH).

NECC 7-OH
Microorganisms MIC (ug/mL) Effect MIC (pg/mL) Effect

Filamentous fungi

Absidia cylindospora (URM4476) 12.21 Static 19.53 Static

Cuninghamella elegans (URM 2084) 24.41 Static 19.53 Static

Mucor circinelloides (LIKA0066) 48.83 Static 19.53 Cide

M. mucedo (LIKA 0072) 48.83 Static 2500 Static

M. ramosissimus (URM 3087) 12.21 Static 2500 Static

Rhizopus microsporus (LMC123) 195.31 Static 19.53 Static

R. oryzae (UCP 1506) 97.66 Static 39.06 Static

Syneep h‘zﬁsé;‘l";;(’;;emos”m 1221 Static 2500 Static

Yeasts

Candida albicans (ATCC 10231) 25.69 Static 39.06 Static

C. albicans serotype A (ATCC 36801) 25.69 Static 39.06 Static

C. albicans serotype B (ATCC 36802) 51.39 Static 78.12 Static

1 Cide = fungicide; Static = fungistatic.

Through the growth curve, it is possible to observe the growth over time. Figure 4
shows the interference of NECC on growth.
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Figure 4. Cont.
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Figure 4. Growth curves of Mucor ramosissimus (A) and Candida albicans B (B), controls, and cells treated with NECC at MIC
and room temperature (25 °C).

Figure 4A shows that M. ramosissimus did not differentiate with treatment with NECC
at MIC, and C. albicans kept the differentiation until the 9th hour, and then it stopped.
In both cases, the microorganisms were not killed, showing that the activity of NECC is
fungistatic. Recently, with the COVID-19 pandemic, the incidence of zygomycosis, colloqui-
ally called “black fungus”, has increased. Spore germination occurs due to various reasons
such as low oxygen saturation, high iron levels as evidenced by high ferritin, immunosup-
pression caused by SARS-CoV-2, decreased phagocytic activity of white blood cells, and
hyperglycemia from corticosteroid use [30]. These are all conditions for the development
of zygomycosis and candidiasis. Candidiasis is another fungal infection associated with
COVID-19. In addition to the factors described, intubation is a risk factor that predisposes
the patient to colonization and pulmonary proliferation of Candida species [31]. Thus, the
development of natural substances with promising antimicrobial activity and low toxicity
is of great importance in order to improve patient survival.

The greatest proteases activities for M. ramosissimus occurred at pH3 (Figure 5A)
and for C. albicans at pH4 (Figure 5B). Thus, the following experiment evaluated whether
NECC inhibits proteases activities at pH3 (M. ramosissimus) and pH4 (C. albicans). The
aspartic proteases activities of both fungi were completely inhibited when treated with
MIC concentrations of NECC (Figure 5C). The inhibition of aspartic proteases activity
could be an important way to control these fungi [32]. According to Morace and Borghi
(2012) [33], Mucorales of the genus Mucor are the second cause of invasive mucormycosis.
Challa (2019) [34] stated that aspartic proteases of Mucorales favor host invasion. Azevedo
(2014) [7] demonstrated that 7-hydroxycalamenene showed inhibitory activity against
rhizopuspepsin (pepsin present in the main genus of zygomycosis, Rhizopus). It is also
well known that C. albicans produces various types of secreted aspartic proteases (Saps),
and the production of these Saps varies according to their shape (yeast cells or hyphal
form), the pH, and the available substrate. Saps can also hydrolyze various substrates such
as keratin, collagen, laminin, fibronectin, salivary lactoferrin, and others [32]. Therefore,
the results shown in Figure 5 are promising, as they inhibited 100% of the Mucor and
Candida proteases. These results show that 7-hydroxycalamenene appears to be efficient in
inhibiting an important Zygomycetes and Blastomycetes mechanism of action.
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Figure 5. Proteases activity by M. ramosissimus (A), C. albicans (B) in RPMI broth according to the pH. Proteases activities by
C. albicans and M. ramosissimus in RPMI broth after treatment with NECC (in arbitrary unit—AU) (C).

In addition, NECC demonstrated no hemolytic effect even at the highest concentration
tested (2 mg/mL). According to Rodrigues et al. (2013) [10], 7-hydroxycalamenene, which
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was the main component of the essential oil that they used in their study (>50%), was
shown to be non-toxic to peritoneal mouse macrophages at a concentration of 500 pg/mL.

4. Conclusions

In this study, a nanoemulsion was obtained with a 100% emulsification percentage
and was stable for more than 150 days at room temperature (25 °C), with a droplet size
of around 40 nm. This formulation proved to be effective against zygomycetes, especially
against the Mucor ramosissimus and Candida albicans strains tested. In addition, the na-
noemulsion inhibited 100% of their extracellular protease activity. NECC also demonstrated
no hemolytic effect at a maximum concentration of 2 mg/mL.

According to the results presented, in vivo experiments should be conducted to con-
firm the promising activities of the proposed nanoemulsion. However, nanoemulsions
containing essential oils can be a way to improve antifungal activities and be widely used
as we live in times of resistant microorganisms.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/pr9111872/s1, Table S1: NEs formulation optimization. Different NEs were produced
containing SO (1 and 5%) as the oily phase and Pluronic® F-127 (10%, 12.5%, and 15%) as the aqueous
phase.
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Abstract: As part of our ongoing research on phytoconstituents that can act as promising antimi-
crobial agents, the essential oils of nine selected Apiaceae plants, cultivated in Poland, were stud-
ied. The volatiles of the aerial parts with fruits (herba cum fructi) of Silaum silaus, Seseli devenyense,
Seseli libanotis, Ferula assa-foetida, Glehnia littoralis and Heracleum dulce, in addition to the fruits (fructi)
of Torilis japonica and Orlaya grandiflora as well as of the aerial parts (herba) of Peucedanum luxurians
were investigated through Gas Chromatography-Mass Spectrometry to identify more than 60 differ-
ent metabolites. The essential oils from S. devenyense, H. dulce, T. japonica and P. luxurians are reported
for the first time. All examined species were also assayed for their antimicrobial activities against
several human pathogenic Gram-positive and -negative bacteria and fungi. The species H. dulce,
S. devenyense and S. libanotis exerted the strongest antimicrobial activity, mostly against Gram-positive
bacteria strains (MIC values 0.90-1.20 mg/mL). To the best of our knowledge, this is the first attempt
to determine the antimicrobial activity of the above Apiaceae species.

Keywords: Apiaceae; gas chromatography-mass spectrometry; volatiles; antimicrobial activity;
coumarins

1. Introduction

Aromatic plants and their essential oils have been used therapeutically for centuries,
while many scientific studies are conducted, describing their remarkable healing properties.
Essential oils are complex mixtures of natural volatiles, characterized by a strong odor
and formed by aromatic plants as secondary metabolites. They are also proven to exert
antimicrobial activity against a large number of bacteria and fungi [1].

Apiaceae is considered as one of the most important plant family, including 3780 species
and 434 genera [2]. They are mainly distributed in the Mediterranean basin with high
economic importance for the food and cosmetic industry [3]. Plant secondary products
typically found in Apiaceae are essential oils, including terpenoids and phenylpropanoids,
coumarins and furanocoumarins, sesquiterpenelactones, polyacetylenes (polyines), and fur-
ther compounds derived from acetate units, such as alkylphthalides and the toxic piperi-
dine alkaloids [4]. Plants of the Apiaceae family are used widely in folk medicine for the
treatment of several human ailments [5]. In several scientific studies, they have shown
antimicrobial and antioxidant activity, and they are considered as promising sources of
bioactive agents [5-8].

In the framework of our ongoing research on umbelliferous plants [1,9-16], we re-
port in this study the chemical analyses of volatiles from nine plants of Apiaceae family,
which are cultivated in Poland, which to our knowledge have scarcely been studied phyto-
chemically before.

19

Processes 2021, 9, 695. https:/ /doi.org/10.3390 / pr9040695

https:/ /www.mdpi.com/journal/processes



Processes 2021, 9, 695

The incidence of microbial infections has increased dramatically together with emer-
gence of antimicrobial resistant strains [15], thus discovering alternative potentially effec-
tive treatments for such infectious diseases is a challenge. Furthermore, phytoconstituents
are widely considered as promising agents for antimicrobial therapy [15].

The aim of our study is to evaluate the chemical profile and the antimicrobial activity
of nine selected Apiaceae species (Table 1).

Table 1. Apiaceae species analyzed in this study.

Plant Species Studied Plants Parts Studied Yield %
Silaum silaus (L.) Schinz & Thell. 0.10
Seseli devenyense Simonkai 0.18
Seseli libanotis (L.) W.D.J.Koch aerial parts with fruits 0.20
Glehnia littoralis F. Schmidt ex Miq. (herba cum fructi) 0.15
Ferula assa-foetida L. 0.32
Heracleum dulce Fisch., C.A.Mey. & Avé-Lall., 0.18
Torillis japonica (Houtt.) DC. . . 0.25
fruits (fructi) _
Orlaya grandiflora (L.) Hoffm 0.22
Peucedanum luxurians Tamamsch. aerial parts (herba) 0.14

The obtained essential oils have been chemically analyzed through GC and GC/MS.
Moreover, they have been investigated for their potential antimicrobial activity against
Gram-positive and negative bacteria as well as against human pathogenic fungi, as essential
oils are known as potential sources of novel compounds with antibacterial properties.

2. Materials and Methods
2.1. Plant Material

The aerial parts and fruits of all studied plant material were collected from three botan-
ical gardens: Botanical Garden of University of Marie Curie-Sklodowska (UMCS), Lublin,
Poland; Botanical Garden Adam Mickiewicz University, Poznan, Poland; Pharmacognostic
Garden, Dept. of Pharmacognosy, Medical University of Lublin as well as from wild (Lublin
region). Species cultivated in Botanical Garden of UMCS were Seseli libanotis (voucher
specimen: 56_2018) and Orlaya grandiflora (voucher specimen: 49_2018). Peucedanum luxuri-
ansn was collected in Botanical Garden of Poznan (voucher specimen: 7973_5S003). Torilis
japonica was collected in natural state (190_2019). The rest studied species were cultivated
in Pharmacognostic Garden of Lublin: Silaum silaus (voucher specimen: 52_2019), Seseli
devenyense (voucher specimen: 44_2019), Glehnia littoralis (voucher specimen: 180_2019),
Ferula asa-foetida (voucher specimen: 22_2019). Plant material from the Botanical Garden
of Poznan was identified by Grazyna Naser while all the rest species (from Lublin) was
confirmed by dr Agnieszka Dabrowska from Botanical Garden of UMCS.

2.2. Experimental

The air dried and powdered plants were submitted to hydrodistillation. About 10 g of
the dried whole fruits, crushed leaves and finely chopped stems were subjected to hydro
distillation for 2 h in a Clevenger type apparatus containing 200 mL of distilled water.
After recording the yield of oil, n-pentane was added to collect the oil, which was stored
at —20 °C until GC/MS and GC analyses. The collected essential oils were dried over
anhydrous sodium sulphate.

2.3. GC Analysis

The GC analyses were carried out on a Perkin-Elmer 8500 gas chromatograph with
FID, fitted with a Supelcowax-10 fused silica capillary column (30 m x 0.32 mm i.d.,
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0.25 pm film thickness). The column temperature was programmed from 60 to 280 °C at a
rate of 2.5 °C/min. The injector and detector temperatures were programmed at 230 and
300 °C, respectively. Helium was used as carrier gas, flow rate 1 mL/min.

The GC-MS analyses were performed with an Agilent 7820A Gas Chromatograph
System (Shanghai, China) linked to Agilent5977B mass spectrometer system (Santa Clara,
CA, USA) equipped with a 30 m length, 0.25 mm id and 0.5 pm film thickness HP5-MS
capillary column. The initial column temperature is 60 °C and then increases at a rate of
3 °C/min to a maximum temperature of 280 °C, where it remains for 15 min. Total analysis
time was 93 min. Helium was used as a carrier gas at a flow rate of 2.2 mL/min, split ratio
1:10, injector temperature 220 °C, and ionization voltage 70 eV. The compound identification
was conducted using the NIST14 library and bibliographic data [17].

2.4. Antimicrobial Activity

In vitro antibacterial study of the studied volatiles was carried out via the agar dilution
method in 96-well plates, by measuring the MIC values against two Gram-positive bacteria:
Staphylococcus aureus (ATCC 25923), Staphylococcus epidermidis (ATCC 12228), four Gram-
negative bacteria: Escherichia coli (ATCC 25922), Enterobacter cloacae (ATCC 13047), Klebsiella
pneumoniae (ATCC 13883) and Pseudomonas aeruginosa (ATCC 227853), as well as against
three human pathogen fungi: Candida albicans (ATCC 10231), C. tropicalis (ATCC 13801)
and C. glabrata (ATCC 28838). Stock solutions of the samples were prepared at 10 and
1 mg/mL, respectively. Serial dilutions of the stock solutions in broth medium (100 uL of
Miiller-Hinton broth or on Sabouraud broth) were prepared in a microtiter plate (96 wells).
All tested organisms have a final cell concentration of 107 cell/mL. Then 1 uL of the
microbial suspension (the inoculum, in sterile distilled water) was added to each well.
For each strain, the growth conditions and the sterility of the medium were checked,
and the plates were incubated as referred above. MICs were determined as the lowest
concentrations preventing visible growth. Standard antibiotic netilmicin and amoxicillin
(at concentrations 4-88 jig/mL) were used in order to control the sensitivity of the tested
bacteria, while 5-fluocytosine and amphotericin B (at concentrations 0.5-25 pg/mL) were
used as controls against the tested fungi. The experiments were repeated three times,
and the results were expressed as average values [18].

3. Results and Discussion
3.1. Chemical Analysis

Silaum silaus (L.) Schinz & Thell., or pepper saxifrage, occurs from Europe to West
Siberia and North Caucasus. Plants flowers in summer and fruits are developed by autumn.
Whole plant has been used to treat bladder diseases, and leaves are edible as potherbs [19].
The analysis of the essential oil from the aerial parts of S. silaus (Table 2) showed the
presence of 14 metabolites (87.18% of the total) among which «-pinene (22.48%), myristicin
(20.01%), methyl eugenol (9.80%), methyl isoeugenol (7.60%), o-cymene (6.47%), E-B-
ocimene (5.97%) and y-terpinene (4.41%) were the most abundant ones. These results are
in agreement with previous bibliographic data for S. silaus samples from different areas
in Austria. In that study, myristicin was the main compound of the essential oil from
the fruits (approx. 60%), followed by E-B-ocimene and «-pinene, while of the leaves and
stems, a-pinene (30%) predominated, with E-3-ocimene and myristicin as further major
compounds [19]. The abundant chemical category of the compounds in this oil is the
monoterpene hydrocarbons followed by phenylpropene and alcohols (Table 3).
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Table 2. The composition of Apiaceae essential oils.

@
o 2 2 2 3 g § £
Compounds S _g :: s 2 :.? zo §
g S & S 8
R~
a-pinene 22.48 0.84 1.90 0.50 5.24 - - -
camphene - 0.2 0.20 - - - -
sabinene 0.65 - 18.37 - 1.28 - - -
myrcene 3.02 1.25 - 18.74 - - 1.33
B-pinene - 0.48 0.57 2.30 - - - -
propyl octanoate - - - 18.80 - - - -
-elemene - 1.97 - - 18.12 - -
y-elemene - - 2.20 5.94 - - - -
d-elemene - - - - - - - 5.10
f-caryophyllene - 3.30 28.70 - - 11.02 18.83 8.84
limonene - 0.48 - - 4.01 - - -
B-phellandrene - - 13.16 16.26 0.18 - - -
5-3-carene 2.49 0.05 - 1.21 1.45 - - -
p-cymene - 0.17 1.66 0.55 - — - B
o-cymene 6.47 - - - - - -
tricyclene - - 0.41 - - - - -
geranyl acetate - 5.31 - - - - - -
Z-B-ocimene - 0.38 - - 0.16 - - -
E-B-ocimene 5.97 0.08 - - 0.38 - - -
x-amorphene - 7.97 0.60 - - - 8.56 -
eugenol 0.10 - - - 8.05 - - -
methyl eugenol 9.80 - - - 20.75 - - -
Z-methyl isoeugenol 0.95 - - - - - - -
y-terpinene 4.41 0.11 0.36 - 2.83 - - -
meta-tolualdeyde - 0.35 - - 0.21 - -
terpinolene 0.34 0.06 - - 1.93 - - -
anethole - - 1.81 0.11 - -
-cubebene - - - - 0.35 - - -
a-humulene - - - - - 0.97 -
trans-f3-farnesene - - 1.36 1.73 - - - 16.35
germacrene D 2.80 4.70 1.96 0.65 5.75 9.33 7.27 13.76
bicyclo-germacrene - - 1.67 - - - -
a-germacrene - - - - - 8.29 - -
a-muurolene - 3.57 - - - - -
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Table 2. Cont.

Compounds

Silaum silaus

Seseli devenyense

Seseli libanotis

Glehnia littoralis

Ferula assa-foetida

Torilis japonica

Orlaya grandiflora

Peucedanum luxurians

y-muurolene

E-methyl isoeugenol

a-zingiberene

-sesquiphellandrene

d-cadinene

10.83

«-cadinene

2.48

myristicin

palmitic acid

spathulenol

5.70

12.80

germacrene B

0.33

calamenene

t-cadinol

5.33

1,6 -germacradien-5-ol

4,5-dehydro-
isolongifolene

2.48

linoleic acid

9.70

oleic acid

3.17

unknown compounds

29.09

28.64

26.50

Total (%)

87.18

84.30

89.14

87.41

98.6

87.31

82.27

86.18

-: not detected.

Table 3. Chemical categories (% area) in the studied Apiaceae essential oils.

Chemical Categories

S. silaus

S. devenyense

S. libanotis

G. littoralis

F. assa-foetida

H. dulce

T. japonica

O. grandiflora

P. luxurians

Monoterpene
hydrocarbons

45.83

37.88

20.82

@
&
[N}

1.33

Sesquiterpene
hydrocarbons

2.80

38.46

16.07

48.3

58.35

Phenylpropene

20.01

1.81

0.11

Aldehydes

0.21

Alcohols

18.54

0.59

55.28

Esters

18.80

Fatty acids

29.32

Coumarins

Unknown

28.64

26.50
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Seseli devenyense Simonkai (Seseli elatum subsp. osseum (Crantz) PW.Ball.) was studied
exhaustively previously, by our scientific team [12,13] as a source of several coumarins,
which have been isolated and structurally determined, while its essential oil has never
been studied before. In the present work, S devenyense yielded 0.18% of essential oil,
consisting of 19 components (Table 2) with B-sesquiphellandrene (17.8%), amorphene (8%),
spathulenol (5.7%) and geranyl acetate (5.30%) as main ones. Sesquiterpene hydrocarbons
is the abundant chemical category with percentage 41% of the total (Table 3).

Seseli libanotis (L.) W.D.]. Koch is an aromatic plant widely distributed from Central Eu-
rope to West Siberia. In Turkish folk medicine, the aerial parts of the plant were popularly
used against inflammations as well as antinociceptive agent probably due to its coumarins’
content. The leaves of S. libanotis are consumed as a vegetable in Turkey [1]. The essential
oil composition from different geographic areas in Austria has been studied, and monoter-
penes such as x-pinene, sabinene and 3-myrcene and the sesquiterpene germacrene D were
present in all essential oils from its aerial parts [20]. Root’s volatiles have been also studied
and were dominated by «-pinene [20], while in a study on the fruits of the plant [1] sabinene
and f-phellandrene appeared as the most abundant metabolites. Volatiles obtained from
the aerial parts of the plant from Iran has shown trans-caryophyllene (20%) as the main
constituent, followed by limonene, a-pinene and caryophyllene oxide [21]. The essential
oil from S. libanotis, in the present study (yield 0.20%), appeared a rich chemical profile
(Table 2) with 17 identified metabolites (89.14%), dominated by 3-carryophyllene (28.70%),
sabinene (18.37%), together with B-phellandrene (13.16%) and spathulenol (12.80%) as
major ones. In this oil the percentage of monoterpene and sesquiterpene hydrocarbons is
equally high (~38%).

Glehnia littoralis F. Schmidt ex Miq. essential oils from aerial and root parts have been
investigated previously only in Japan, and the main constituents of the essential oils were
found to be «x-pinene, limonene, 3-phellandrene, germacrene B, spathulenol, 3-oplopenone,
panaxynol, propyl octanoate, hexadecanoic acid and linoleic acid [22]. Moreover, oral ad-
ministration of certain extracts of Glehnia root prolonged pentobarbital-induced sleeping
time due to inhibition of liver metabolizing enzymes and have caused analgesic effects
in vivo in mice [23]. In this study, the composition of the essential oil (yield 0.15%) of the
aerial parts together with fruits (Table 2) is comparable to previously investigated essential
oil from aerial and root parts [22] as propyl octanoate (18.80%), palmitic acid (16.45%),
-phellandrene (16.26%), y-elemene (5.94%) and germacrene B (4.06%) were the most abun-
dant compounds. It is noteworthy that this is the only essential oil with high percentage of
fatty acids (29.32%), followed by monoterpene and sesquiterpene hydrocarbons as well as
by esters.

Ferula assa-foetida L. is a perennial herb distributed throughout the Mediterranean
area and central Asia. It is reputed in Iranian and Indian traditional medicine for its
therapeutic applications against a number of different disorders [24,25] and in food industry,
due to the occurrence of essential oils and /or mainly oleoresin possessing strong aromatic
scent [26]. It contains mainly sesquiterpene coumarins, phenolics and volatile compounds
(especially sulfur compounds) [26,27]. The most frequent compounds that occurred among
the main constituents of Ferula oils were a-pinene, 3-pinene, myrcene and limonene (among
monoterpene hydrocarbons); linalool, a-terpineol and neryl acetate (among oxygenated
monoterpenes); 3-caryophyllene, germacrene B, germacrene D and 6-cadinene (among
sesquiterpene hydrocarbons); caryophyllene oxide, x-cadinol, guaiol and spathulenol
(among oxygenated sesquiterpenes) and sec-butyl-(Z)-propenyl disulfide and sec-butyl-(E)-
propenyl disulfide (among sulfur-containing compounds) [24]. In our study, the essential
oil (yield 0.32%) exerted a rich chemical profile of 20 constituents (Table 2) belonging
to monoterpene and sesquiterpene hydrocarbons. Methyl isoeugenol (25.46%), methyl
eugenol (20.75%), myrcene (18.74%), germacrene D (5.75%), a-pinene (5.24%), and limonene
(4.01%) have been detected in F. assa-foetida, while it is characteristic the absence of sulfur-
containing compounds (butyl-propenyl disulfides) which have been referred in other
chemical studies and the fact that alcohols is the abundant category (more than 50%).
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Furthermore, the aerial parts of Heracleum dulce Fisch., C.A.Mey. & Avé-Lall., not hav-
ing been previously studied phytochemically, showed a unique chemical profile (Table 4)
as it contained mainly coumarins (58.38%), several of which have been identified and a
high percentage of fatty acids.

Table 4. The composition of the essential oil from Heracleum dulce.

Compounds H. dulce
Psoralene 0.73
palmitic acid 0.77
psoralene-8-hydroxy (xanthotoxol) 4.87
xanthotoxin 2.88
bergapten 1.04
germacrene D 2.01
linoleic acid 7.10
oleic acid 19.46
8-heptadecenoic acid 0.51
coumarin 0.84
coumarin 18.04
coumarin 5.58
coumarin 5.39
coumarin 13.33
coumarin 0.61
coumarin 0.47
allo-imperatorin 0.75
coumarin 3.85
Hexadecyl oleate 0.67
Total (%) 88.90

Torilis japonica D.C. (Japanese name “Jabujirami”) is widespread in East Asia (China,
Korea, Mongolia and Russia), also naturalized in the warmer areas of Europe. Its fruits were
used as a substitute medicament of the She-Chuang-Zi (Cnidium monnieri fructi, snowpars-
ley), known for promoting healthy libido and fertility levels. They have been studied phyto-
chemically twice before and had afforded to new hemiterpenoid pentol and monoterpenoid
glycosides [28] as well as guaiane-type sesquiterpenoid glycosides [29]. The essential oil of
the plant, to the best of our knowledge, has never been investigated before. In the present
study, through the chemical investigation of its volatiles (yield 0.25%), the metabolites
1,6-germacradien-5-o0l (38.46%), 3-elemene (18.12%), 3-caryophyllene (11.02%), germacrene
D (9.33%) and a-germacrene (8.29%) appeared as the main compounds (Table 2). In this
essential oil, only sesquiterpenes and alcohols are present.

The essential oil of the aerial parts of Orlaya grandiflora (L.) Hoffm., the white laceflower,
growing wild in Central Balkan area, has been reported once before [30], where sabinene,
a-pinene followed by y-terpinene, 3-caryophyllene and germacrene D have been iden-
tified as abundant compounds. The volatiles from the fruits essential oil of O. grandi-
flora (yield 0.22%) have been examined in this study, where -caryophyllene (18.83%),
d-cadinene (10.83%), c-amorhene (8.56%) and germacrene D (7.27%) appeared as the major
constituents and all of them belong to sesqiterpenes (Table 2). It is obvious that out of
the identification of germacrene D in both oils, their chemical profiles did not show any
other similarities.
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Finally, herba of Peucedanum luxurians was studied phytochemically before, as a source
of rare bioactive furanocourmarins with unique structures by our scientific team [3,6-8],
while its volatiles have never been studied until now. P luxurians is an endemic plant
from Armenia, growing in the area around Mount Ararat [31]. In the present study,
the analysis revealed the presence of trans-p-farnesene (16.35%), germacrene D (13.76%)
a-zingiberene (10.58%) and 3-caryophyllene (8.84%), as the most abundant constituents
(Table 2). Among its constituents, one (26.50%) remained unidentified, which unfortunately
due to the low yield of the oil (0.14%) was not possible to be further isolated and structurally
determined, while the majority of the identified compounds belong to the sesquiterpenes
(Table 3).

3.2. Antimicrobial Activity Evaluation

All essential oils assayed against a panel of nine human pathogenic microbia, two Gram-
positive (Staphylococcus aureus, S. epidermidis), four Gram-negative (Escherichia coli, Pseu-
domonas aeruginosa, Klebsiella pneumoniae and Enterobacte cloacae) as well as against three
fungi strains (Candida albicans, C. tropicalis and C. glabrata). According to the results pre-
sented in Table 5, the essential oils of G. littoralis and T. japonica appeared completely inac-
tive against all assayed microbial strains. S. silaus showed a moderate activity against Gram-
positive bacteria S. aureus and S. epidermidis (MIC values 1.25, 1.48 mg/mL, respectively)
and a very weak activity against Gram-negative bacteria (MIC values 7.38-13.45 mg/mL),
while being inactive against all Candidas’ strains. O. grandiflora compared to S. silaus exerted
a stronger activity specifically against both Gram-positive strains (1.52 and 1.60 mg/mL).
S. libanotis aerial parts’ volatiles exerted moderate activity against Gram-positive bacteria
(MIC 1.35, 1.47 mg/mL, respectively) and weak activities against all the Gram-negative
bacteria and the fungi. Corresponding results to that of S. libanotis were revealed from S. de-
venyense (MIC 1.35, 1.20 mg/mL). These results are in agreement with previously published
data, where Gram-negative bacteria are less sensitive to essential oils obtained from plants
belonging to the Apiaceae family [1]. The essential oil from F. assa-foetida showed a weak
activity against all tested microorganisms, while P. [uxurians appeared together with H.
dulce as the most active among all assayed essential oils exerting activity against all assayed
microorganisms. More specifically H. dulce showed strong activity against Gram-positive
bacteria (MIC values 0.90 and 0.87 mg/mL) and a moderate one against the rest Gram-
negative ones (MIC values 3.30-4.05 mg/mL), while it was the only one, which exhibited
activity (weak) against the three assayed fungi (MIC values 4.0-4.9 mg/mL). P. luxurians
expressed also strong activity against Gram-positive bacteria (MIC values 1.0-1.20 mg/mL)
and weaker against Gram-negative one (MIC values 2.80-5.76 mg/mL) and the tested
fungi (MIC values 4.87-6.89 mg/mL).
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Table 5. Antimicrobial activity of the tested essential oils compared to common antimicrobial agents (mg/mL).

S
2 é § g § = § é E
I S -
» X
S. silaus 1.80 1.25 8.70 13.45 10.27 7.38 >20 >20 >20
S. devenyense 1.35 1.20 12.80 12.00 11.62 13.41 10.70 9.65 9.00
S. libanotis 1.35 1.47 5.68 6.00 6.32 6.70 12.35 11.45 10.80
G.littoralis >20 >20 >20 >20 >20 >20 >20 >20 >20
F. assa-foetida 7.23 6.80 5.70 4.65 5.23 4.35 7.65 5.43 430
H. dulce 0.90 0.87 3.30 3.84 4.05 3.92 4.90 4.78 4.00
T.japonica >20 >20 >20 >20 >20 >20 >20 >20 >20
O. grandiflora 1.60 1.52 8.70 9.60 12.32 15.70 16.30 12.27 11.90
P. luxurians 1.20 1.00 2.80 >20 5.76 3.43 6.89 5.94 4.87
itraconazol nt nt nt nt nt nt 1.0x 1073 0.1 x 1073 1x1073
5-flucytocine nt nt nt nt nt nt 01x107% 1.0x107% 97x1073
amphotericin B nt nt nt nt nt nt 1.0x107%  05x107° 04 x1073
amoxicillin 18x107% 15x10° 25x107% 27x10% 31x10°% 21x1073 nt nt nt
netilmicin 30x10°%  29x10% 70x10° 78x10° 68x10% 31x107° nt nt nt

nt: not tested.

4. Conclusions

The analyses of the essential oils of nine selected Apiaceae plants, all of them culti-
vated in Poland, resulted to some new data for Seseli devenyense, Heracleum dulce, Torillis
japonica and Peucedanum luxurians as they have never been studied before for their volatiles.
Moreover, the essential oils from Silaum silaus and Orlaya grandiflora have been analyzed
for the second time, showing differences in their chemical profile probably due to differ-
ent cultivation, climate and geographic conditions [32-34]. Glehnia littoralis essential oil,
cultivated in Europe, was analyzed for the first time, while Seseli libanotis was studied for
the second time in Europe showing differences in comparison with published data. Ferula
assa-foetida was also analyzed in this study due to its wide use and in order to compare its
chemical profile with previously reported data.

In general, the identified compounds showed a great variability among investigated
Apiaceae species. Among approx. 60 different metabolites, which were identified, sesquiter-
pene germacrene D was the only metabolite common in all nine essential oils. It is notewor-
thy that the chemical profile of Heracleum dulce was completely different from all the other
studied species, as it contains mainly coumarins. Moreover, it is also of interest that the high
proportion content of myristicin in the S. silaus essential oil, which together with «-pinene,
and x-caryophyllene were also present in many other plants of the Apiaceae family.

The essential oils or some of their constituents are very effective against a large variety
of organisms including bacteria and fungi. As typical lipophiles, they disrupt the structure
of the cytoplasmic membrane and permeabilize them. In bacteria, the permeabilization of
the membranes is associated with loss of ions and reduction of membrane potential [1,15].

Throughout the antimicrobial tests, Peucedanum luxurians together with Heracleum dulce
appeared as the most active among all assayed essential oils, exerting activity against all
assayed microorganisms. These results are in agreement with bibliographic data, as selected
Peucedanum plants (P. paniculatum, P. alsaticum, P. cervaria, P. graveolens, P. ruthenicum,
P. zenkeri and P. ostruthium) have been used for centuries as antibacterial agents, and for
some of them, the activity was confirmed by biological and pharmacological studies,
showing moderate or high activity against different human pathogens [15].
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Additionally, Heracleum dulce essential oil was full of coumarins, and its exerted
bioactivity could be contributed mainly to these compounds. Coumarins, naturally plant-
derived metabolites, possess a wide variety of known bioactivities. Series of coumarin
analogues naturally-isolated coumarins, as well as their chemically modified analogs,
are being extensively studied due to their broad spectrum, low toxicity, and lower drug
resistance properties [9,11,13-15]. Moreover, isolated furanocoumarins, from different
Apiaceae species (like imperatorin, bergapten, ostruthin, and isoimperatorin) were found
to be very active antimicrobial agents [35-37]. The above data suggest that several among
the studied essential oils may be an alternative promising way to treat various infections
with further extension towards cosmetic and pharmaceutical applications.
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Abstract: Chios Mastic Gum (CMG) and Chios Mastic Oil (CMO) are two unique products of the
tree Pistacia lentiscus var. Chia, cultivated exclusively on the Greek island of Chios. In the present
study, the method proposed by the European Pharmacopoeia for mastic identification was employed
using HPTLC together with an in-house method. A GC-MS methodology was also developed for
the chemical characterization of CMOs. a-Pinene and S-myrcene were found in abundance in the
fresh oils; however, in the oil of the aged collection, oxygenated monoterpenes and benzenoids
such as verbenone, pinocarveol, and a-campholenal were found at the highest rates. Additionally,
the antimicrobial activity of Chios Mastic Gums (CMGs) with their respective Chios Mastic Oils
(CMOs) was evaluated, with growth tests against the fungi Aspergillus nidulans, Aspergillus fumigatus,
Candida albicans, Mucor circinelloides, and Rhizopus oryzae, and the bacteria Escherichia coli, Pseudomonas
aeruginosa and Bacillus subtilis, with the samples exhibiting a moderate activity. To our knowledge,
this is the first time that an HPTLC method is proposed for the analysis of mastic and its essential
oil and that a standardized methodology is followed for the distillation of CMO with a parallel
assessment of the ageing effect on the oil’s composition.

Keywords: Pistacia lentiscus var. Chia; Chios mastic; ageing; chemical profile; antibacterial; antifungal;
a-pinene; f-myrcene; GC-MS; HPTLC

1. Introduction

Pistacia lentiscus var. chia (Anacardiaceae) is an evergreen shrub cultivated exclusively
in the southern part of the Greek island of Chios [1]. The most characteristic products are
the resin or Chios Mastic Gum (CMG), produced from the wounds of the bark and branches,
and the essential oil, Chios Mastic oil (CMO), which is obtained by hydrodistillation from
the resin. Even though the Pistacia species are widely distributed in the Mediterranean
basin and in circum-Mediterranean areas, CMG is a unique resin of the mastic trees grown
only in the southern part of the island of Chios. Attempts to cultivate it in different areas,
even at the north part of the island, were not successful, failing to produce resin with
specific physicochemical and organoleptic characteristics. In that view, CMG and CMO are
both Protected Designation of Origin (PDO) products [2] while the know-how of cultivating
mastic on the island of Chios was included by UNESCO in the Representative List of the
Intangible Cultural Heritage of Humanity [3]. In 2015, Pistacia lentiscus L. resin (mastix or
mastic), was recognized by the European Medicines Agency (EMA) as a traditional herbal
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medicinal product with two indications, i.e., for the treatment of mild dyspeptic disorders,
skin inflammations, and as an aid in the healing of minor wounds [4].

For over 2500 years, the resin has been used in the ethnopharmacology of the Mediter-
ranean populations. In the 1st century AD, Dioscorides, reported in his work “De Materia
Medica” that CMG and CMO were effective against minor gastrointestinal disorders and
proposed their use for the skin’s and the oral cavity’s care [5]. In the 2nd century AD, Galen
also reported the beneficial effects of CMG against stomachache and dysentery [6]. Later on,
several references can be found containing mastic as an ingredient of multiple medicinal
preparations, with probably the most noteworthy being the “Jerusalem balsam”, which
was served as a “panacea” and was included in numerous European Pharmacopoeias until
the 20th century [7].

In contemporary times, CMG and CMO have been studied for their composition
as well as their biological and pharmacological properties. However, the number of
available studies remains relatively small. CMG and CMO have been reported as potent
antioxidant [8,9], anti-inflammatory [10,11], cardioprotective [12-14], and chemopreventive
agents [15-19]. Over the recent years, the increasing number of clinical or intervention
trials examining the effect of mastic administration on different disease models further
validates the Mediterranean populations” inherent knowledge regarding mastic’s thera-
peutic potential. Interestingly, CMG’s anti-inflammatory activity has been demonstrated
in pilot studies involving patients with active Crohn’s disease and inflammatory bowel
syndrome (IBS) [10,20], and CMG has been suggested as a possible cardioprotective and
hepatoprotective agent in a pilot study describing a long term mastic administration in a
human cohort [21]. Moreover, in a prospective, randomized, placebo-controlled clinical
study, daily mastic consumption by healthy volunteers led to a significant decrease of their
total cholesterol and glucose levels [22], while in a recently published research, mastic
administration led to the regulation on peripheral and aortic blood pressure hemodynamics
in hypertensive patients [23].

It is worth mentioning that one of the first pharmacological properties of CMG and CMO
that were examined by modern day science was their antimicrobial activity, and especially
their efficacy against Helicobacter pylori and oral and periodontal pathogens [24-30]. In fact,
according to the study of Miyamoto et al., CMO exhibits a notable anti-H. pylori activity
against four different strains, established from patients with gastritis, gastric ulcer, and gastric
cancer [26]. In addition, CMO was found potent against several food-borne microorganisms
such as Staphylococcus aureus, Escherichia coli, and Salmonella sp. [24,25,27,29,31]. Furthermore,
both CMG and CMO are used in numerous products and have a wide spectrum of applications.
CMO is used due to its distinguishing aroma in alcoholic drinks [32] and as a perfume and
a perfume stabilizer [33] as well as in cosmetic products for the mouth and skin care [34].
CMG is incorporated in many traditional bakery products, confections, and desserts [32,35].
Moreover, the resin is widely found in food supplements and phytotherapeutic products due
to its long-term documented ethnobotanical medicinal use as well as recent studies [34].

From a chemical point of view, CMG constitutes an entity of more than 120 compounds
reported thus far, primarily terpenes. Triterpenes, mainly tetracyclic and pentacyclic,
constitute the major chemical group of CMG, comprising approximately 65-70% of the
total resin weight. Its composition is complemented by the fraction of volatile components
which constitute the essential oil of mastic (CMO) [1]. All these compounds coexist with the
natural polymer, poly-S-myrcene (25-30% of the dry weight), forming the resin structure.
CMO is typically produced by steam and/or water distillation [36], while Supercritical
Fluid Extraction (SFE) has been recently developed as an alternative method to the existing
ones [37]. CMO constitutes approximately 3% of the resin weight when harvested by
the traditional way and about 13% when harvested in a fluid form [38]. The chemical
composition of the essential oil has been studied mainly by the GC-MS and GC-FID
techniques [38—40].

CMG is often extensively adulterated because of the resin’s uniqueness and high
commercial value [41]. Adulteration is mainly achieved by mixing mastic with similar
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resins of lower economic value such as Iranian mastic (Pistacia atlantica), Boswellia resin
(frankincense), or Pinus resin, together with packing falsification [42]. However, special
attention should be paid to the fact that the Pistacia lentiscus var. Chia tree, as well as its resin,
can be found in the literature with various different names such as “schinos” or “lentisk”
without the authors specifying the geographical origin or variety. Additionally, very often,
the source of the resin and/or the essential oil under investigation is vague or not defined, a
fact which further complicates the identification of Pistacia lentiscus originating from Chios
island (var Chia), which is distinguished for its unique aroma characteristics [43]. CMG
is often found in the market as simply mastic or mastic gum, Chios masticha, mastiha,
mastihi, and mastix. Moreover, another misperception is often encountered regarding
mastic oil or “mastichelaion” (as described by Dioscorides), which is the essential oil of
the resin and is often confused with Pistacia lentiscus oil or “schinelaion”, the essential oil
obtained possibly from the plant’s berries. Despite the obvious confusion in the literature
regarding both the provenance of the resin and its essential oil but also the terminology
employed, CMO is used to this day to define and differentiate CMG from other resins
in the respective monograph of the European Pharmacopoeia (Ph. Eur.) [44]. For the
identification of the resin according to the Ph. Eur. method, only the analysis of its essential
oil is used, including a specific distillation yield (10 mL of essential oil/kg of dry resin) and
a TLC method for a visual evaluation [44]. Thus far, there is no other suitable and efficient
analytical method available for authentication and quality control of CMG and, therefore,
adulteration detection [1].

In the present study, different P. lentiscus var. Chia resin (CMG) samples together
with their produced essential oils (CMO) after hydrodistillation were investigated. Two
analytical methods, namely High Performance Thin Layer Chromatography (HPTLC) and
GC-MS, were employed for sample profiling, and the Ph. Eur. proposedTLC method
was also used for comparison purposes. Special emphasis was given to the exploration
of the ageing effect on the CMG and CMO composition, which is a critical parameter
of quality and authentication. Finally, both types of samples were evaluated for their
antifungal and antibacterial properties against different fungi and bacteria strains, with the
Aspergillus nidulans, Aspergillus fumigatus, Mucor circinelloides, and Rhizopus oryzae being
tested for the first time. Moreover, to our knowledge, it is the first time that a high number
of original CMG and CMO samples are analyzed, and the ageing parameter is investigated
so extensively in the essential oil, employing two analytical methods and in comparison to
the official monograph of the Ph. Eur.

2. Materials and Methods
2.1. Chemicals and Standards

Toluene [Ph. Eur.,, >99.7% (GC)] and sulfuric acid (puriss. meets analytical spec-
ification of Ph. Eur., BP, 95-97%) were obtained from Sigma-Aldrich (St. Louis, MO,
USA). Dimethyl sulfoxide (for analysis) was purchased from Merck (Kenilworth, NJ,
USA). Methanol [ >99.8% (HPLC)] and ethanol absolute (99.8% HPLC grade) were pur-
chased from Fischer Chemical (Pittsburg, PA, USA). Petroleum ether (RPE, for analysis)
and ethanol 96° were provided by Carlo Erba Reagents (Milan, Italy). Dichloromethane
(reagent grade) (Scharlau, Barcelona, Spain) was used after distillation for the dilution of
the resins and their essential oils for all HPTLC and GCMS analyses. Vanillin used (Acros
Organics, Fair Lawn, NJ, USA) was 99% pure. The alkane C10-C40 analytical standard
mixture and the standards borneol (97% purity) and eugenol (99% purity) were obtained
from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Starting Material and Production of Essential Oil

Eleven CMG samples were kindly provided by the Chios Mastiha Growers Association
(CMGA). Eight samples (CMG_1-8) were analyzed fresh (2 and 6 months after collection)
or slightly aged (2 years), whilst three (CMG_9-11) were aged for a longer time period
(over 10 years). The distillation process of the resins was conducted according to the Ph.
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Eur. monograph of Mastic (01/2008:1876), within a period of two weeks for all samples. In
brief, 20 g of resin was reduced to a coarse powder and then distilled for 2 h in a 500 mL
round-bottomed flask, using 200 mL of distilled water and a Clevenger apparatus [44].
The produced oils (CMO_1-9) were collected and stored at 4 °C. Two of the aged resins
(CMG_10-11) did not produce essential oil and, therefore, were not analyzed further.

2.3. Profiling of the Resin and Essential Oil by HPTLC

Eleven resin samples (CMG_1-11) and their respective essential oils (CMO_1-9) were
analyzed by HPTLC. Two methods were applied, the 1st according to the Ph. Eur. mono-
graph and the 2nd developed in-house. According to the monograph’s instructions, 1 g
of resin was diluted in 10 mL of dichloromethane, filtered after 1-2 min, and used as the
test solution. Moreover, the preparation of a reference solution involving the dilution of
25 mg of eugenol and 25 mg of borneol in 3 mL of dichloromethane was carried out as
indicated in the monograph. For the in-house method, 10 mg of the tested resins were
diluted in 1 mL of dichloromethane with the aid of an ultrasonic bath for 1-2 min. In both
methodologies, CMOs were dissolved in dichloromethane at a concentration of 2 mg/mL.

HPTLC analyses were conducted using a CAMAG system (CAMAG®, Muttenz,
Switzerland) consisting of an automatic TLC sampler (ATS4), an automatic development
chamber (ADC2), a Visualizer 2 Documentation System, and a Derivatizer, under the
control of the software platform VisionCats 2.5 (CAMAG®, Muttenz, Switzerland). The
samples were applied onto 20 x 10 cm HPTLC Silica gel 60 Fys4 glass plates (Merck,
Kenilworth, NJ, USA). Standard and sample solutions were applied band wise with the
autosampler ATS4 using a syringe of 25 puL. (Hamilton, Reno, NV, USA) and a nitrogen
aspirator with the following standard settings: Tracks with 8.0 mm bands, 8 mm distance
from the lower edge, 20 mm from the left and right edges, and 11.4 mm between the
different tracks, 200 nL./s delivery speed. For the Ph. Eur. method, application volume was
set to 1 uL, and the mobile phase consisted of light petroleum of reagent grade (R), toluene
R (5:95 v/v). For the in-house methodology, the mobile phase consisted of dichloromethane,
methanol (98:2 v/v), and the application volume was set to 10 pL. In both methodologies,
the application volume of the essential oils was 20 uL. The standard settings used in ADC2
were the following: 20 min chamber saturation, 10 min of plate activation (conditioning)
at 33% relative humidity using MgCl, as a desiccant, and 5 min of plate drying. The
solvent front was set to 8.5 cm. Plate images at 254 nm and 366 nm before spraying and at
white light after spraying were recorded. For visualization of the spots, the plates were
sprayed with vanillin reagent R [i.e., 2 mL of sulfuric acid added to 100 mL of a 10 g/L
solution of vanillin in ethanol (96°)] and heated at 100-105 °C for 5 min in the oven. An
optical evaluation of the color and shape of the spots was performed according to the
monograph'’s instructions.

2.4. Determination of Essential Oil Constituents by GC-MS

All CMO samples were diluted in dichloromethane at a concentration of 2 mg/mL.
Analyses were performed on a Finnigan Trace GC Ultra 2000 apparatus (Thermo Electron
Corporation, Waltham, MA, USA) with an AI 3000 autosampler. The system was coupled
with a Finnigan Trace DSQ mass selective detector at Electron Impact (EI) mode. The
separation was achieved on a Trace TR-5MS capillary column (30 m x 0.25 mm; film
thickness 0.25 m) (Thermo Scientific, Waltham, MA, USA). Helium (1 mL/min) was used
as a carrier gas. 1 pL of essential oil was directly injected at splitless mode. The initial
oven temperature was set to 40 °C, reaching 240 °C with a gradient of 3 °C/min. When
the temperature reached 240 °C, it was kept steady for 10 min. The injector and source
temperatures were set to 220 °C and 250 °C, respectively. The mass range was set to
40-400 Da and electron energy to 70 eV. Spectra acquisition and analysis were performed
using the XCalibur 2.2 software platform (Thermo, Waltham, MA, USA). Compound
identification was conducted by mass spectra comparison to Willey /NIST 0.5 and in-house
libraries [45,46]. For the compounds of C14 and above, the method of retention indices (RI)
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as defined by IUPAC for temperature-programmed GC was additionally used in terms
of a better structural verification [47]. A relative quantification of detected compounds
was performed by employing the Area % feature and the auto integration using the
ICIS algorithm.

2.5. Media and Growth Conditions

Standard minimal media (MM) for A. nidulans was used for the growth of A. nidulans,
A. fumigatus, M. circinelloides, and R. oryzae. Media and supplemented auxotrophies were
used at the concentrations given in Fungal Genetics Stock Center (FGSC) [48]. Glucose
1% (w/v) and 5 mM urea were used as the carbon and nitrogen sources, respectively.
Growth tests were performed at 37 °C, at pH 6.8, and scored after 3-6 days. The C. albicans
strain was incubated at 30 °C in YPD broth pH 6.8 (2% Bacto peptone, 1% yeast extract,
2% dextrose) at 200 rpm. Liquid bacterial cultures were incubated in Luria-Bertani (LB)
medium pH 6.8 (BactoTryptone 10 g, NaCl 10 g, BactoYeast Extract 5 g for 1 L) at 250 rpm.
Media and chemical reagents were obtained from Sigma-Aldrich or AppliChem. Mastic
resins (CMG_1-8) were diluted in 100% DMSO or ethanol and added to the media in a
final concentration of 0.2 mg/mL and 0.4 mg/mL, respectively (final 1% DMSO or 1%
ethanol). Mastic essential oils (CMO_1-8) were diluted in 100% DMSO and added to the
media in a final concentration of 0.2 mg/mL (1% DMSO). Controls were treated with the
same concentration of solvent (final 1% DMSO or ethanol).

2.6. Epifluorescence Microscopy

For wide-field epifluorescence microscopy, conidiospores were incubated overnight
in glass bottom 35 mm l-dishes (ibidi) in liquid minimal media, for 16-22 h at 25 °C,
supplemented with glucose 1% (w/v) and urea at 5 mM. Mastic resins (CMG_1-8) were
diluted in ethanol and added to the media in a final concentration of 0.4 mg/mL (1%
ethanol). Images were obtained using an inverted Zeiss Axio Observer Z1 (Zeiss, White
Plains, NY, USA) equipped with a Hamamatsu ORCA Flash 4.0 CMOS camera using
the Zen lite 2012 software (Hamamatsu Photonics Deutschland GmbH, Herrsching am
Ammersee, Germany). Images were processed and annotated in Adobe Photoshop CS4
Extended version 11.0.2 (Adobe, San Jose, CA, USA).

3. Results and Discussion
3.1. Hydrodistillation Yield

The yield of hydrodistillation plays a key role in CMG identification, since according
to the Ph. Eur. monograph for mastic, a minimum of 10 mL of essential oil /kg of anhydrous
resin is required as a quality marker [44]. In the current study, only the fresh and slightly
aged samples (CMG_1-8) produced essential oil, whilst the three aged samples (CMG_9-11)
produced CMO either in traces (CMG_9) or none (CMG_10-11). As shown in Table 1, the
distillation yields differed significantly among the analyzed resins, providing an average
of 14.7 mL/kg of essential oil.

Moreover, in the case of CMG_6, the yield was found below the limit set by the
monograph, with CMG_1 and 2 barely surpassing it. Since these samples were collected at
the same period as two of the highest CMO-producing resins (CMG_3,5), it seems that other
parameters such as the age of the tree or climatic conditions might play a significant role in
essential oil content. Nonetheless, it was verified that ageing decreases CMO yield, leading
to almost none or traces production after a long period of storage. Interestingly, according
to Papanicolaou et al., the loss of essential oil during storage was attributed mainly to
the transformation of volatiles to non-volatiles and, to a lesser degree, to evaporation [49].
Consequently, distillation yield in itself does not constitute an adequate marker of quality,
and the proposed levels might need to be reconsidered. However, given that our results on
the loss of volatiles during ageing and the average calculated yield corroborated with those
reported elsewhere [50,51], we consider that essential oil yield might provide meaningful
information that should be examined in conjunction with findings from other techniques.

35



Processes 2021, 9, 418

To our knowledge, in previous studies investigating this aspect, the number of analyzed
samples was significantly low and, therefore, a direct comparison is infeasible [38].

Table 1. Hydrodistillation yields, performed according to the Ph. Eur. instructions.

Collection Time (month/year) Resin Essential Oil Yield (mL/kg)
01/2020 CMG_1 CMO_1 11.9
01/2020 CMG_2 CMO_2 10.3
02/2020 CMG_3 CMO_3 23.4
02/2020 CMG_4 CMO_4 19.5
02/2020 CMG_5 CMO_5 24.8
06/2020 CMG_6 CMO_6 9.9
06/2020 CMG_7 CMO_7 14.3
11/2018 CMG_8 CMO_8 3.5

Minimum 3.5
Maximum 24.8
Average + SD'! 147 £7.3
2010 CMG_9 CMO_9 traces
2010 CMG_10 CMO_10 -
2010 CMG_11 CMO_11 -

1 SD = Standard Deviation.

3.2. HPTLC Profiling

Apart from distillation yields, a TLC method was also described in the Ph. Eur.
monograph for the identification of CMG, accompanied by a visual inspection of substances
considering the color and the shape of certain zones. Eugenol and borneol were used as
reference compounds. In the current study, the Ph. Eur. method was used for the analysis of
all 11 CMG samples, together with the respective CMOs, utilizing an HPTLC approach [44].
Additionally, an in-house elution method was developed for the profiling of both sample

types (Figure 1).
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Figure 1. HPTLC chromatograms of Chios Mastic Gum (CMG) (A,B) and Chios Mastic Oil (CMO)
(C,D) samples developed with the Ph. Eur. (A,C) and in-house (B,D) methods. Detection at visible
light after spraying with vanillin reagent.
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According to the Ph. Eur. monograph, six zones of different coloring after spraying
were evaluated and compared with the reference standards indicating the resin’s identity.
As shown in Figure 1A, the solvent system proposed by the Ph. Eur. was not suitable
for profiling and compound monitoring, since most of the constituents were concentrated
on the baseline together with the poly-B-myrcene polymer (dark brown). The same re-
mark could be made for the CMO samples (Figure 1C). In order to resolve this issue,
the development of an in-house method was deemed necessary. To that end, different
solvent systems (e.g., toluene/ethyl acetate/heptane/formic acid 80:20:10:3, cyclohex-
ane/diisopropyl ether/acetic acid 60:40:10, dichloromethane /methanol 98:2) and methanol
for resin dilution were tested for the development of a suitable HPTLC method (data not
shown). Moreover, the dilution of the resin in different solvents, i.e., dichloromethane,
methanol, acetone, and acetonitrile, were also tested. Finally, dichloromethane/methanol
98:2 as an elution system was selected as the most suitable, and dichloromethane for resin
dilution was found to be the most appropriate solvent. Furthermore, the initial concen-
tration of the samples was reduced to 10 mg/mL for crude mastic powder (compared to
100 mg/mL proposed by Ph. Eur.) in order to achieve an improved sample dilution and,
therefore, an enhanced separation and a more rigid and uniform elution of constituents.
Lastly, filtration of samples prior to application was omitted, ensuring a greater metabolite
coverage. As observed in Figure 1B,D, with the elution system employed, the separation of
the compounds was more efficient, the resolution was greatly improved, and even minor
qualitative and/or quantitative alterations could be detected.

Based on the HPTLC data, a comparison between the fresh and aged samples could
be made regardless of the method used, even if, with the in-house method, the assessment
was considerably more straightforward. Figures S1-54, present the different chemical
profiles between the fresh and aged collections in 254 and 366 nm. The effect of ageing
could be observed in both CMG and CMO samples. In the aged resin samples in particular
(CMG_9-11), the absence of zones and/or quantitative decrease was clearly evident, possi-
bly indicating the instability of the resin over time and the decomposition of numerous
constituents. Moreover, it seems that the formation of f-myrcene polymer was favored
over time as it was manifested by the obvious relative intensification of the dark brown
zone at the baseline. Poly-B-myrcene, which is derived from myrcene polymerization
present in CMO, undergoes further oxidation reactions affording diverse oxidation prod-
ucts [52]. In general, according to Behr et al., the storage of myrcene is a difficult task since
it polymerizes spontaneously at room temperature. One-third is lost by polymerization in
a 3-month period leading to a higher viscosity index and the formation of peroxides [53].
The addition of vitamin E has been suggested as a means of impeding polymerization
and oxidation phenomena [49], while other agents have also been proposed, such as 0.1%
p-tert-butylcatechol and a mixture of 0.05% p-tert-butylcatechol and 0.05% butylhydrox-
yanisol [53]. This observation was also evident in the profiles of the CMO samples, where
polymer formation along with the appearance of several new zones of increased polarity,
clearly sets the oil produced from the 10-year-old resin (CMO_9) apart from the rest. In
fact, CMO could be suggested as an even better substrate for ageing detection, given that
its profile presents many more differences with fresh and slightly aged samples compared
to its respective crude resin.

Finally, it is worth mentioning that despite the importance of CMO’s chemical compo-
sition for the quality control of the resin, a fact recognized even by the Ph. Eur., the number
of studies aiming to assess the effect of ageing on the essential oil’s yield and profile is
quite limited and outdated, while the investigated storage period is usually restricted to a
few months [38,49]. In addition, to our knowledge, there is no HPTLC methodology in the
literature for CMG and/or CMO profiling, an alternative to the Ph. Eur. monograph. It is
important to state that given that the technique is the advanced form of Thin-Layer Chro-
matography (TLC), automation, low operating cost, improved application of the samples,
higher separation, resolution, data acquisition and processing, faster analysis time, and
lower volumes of mobile phase are ensured [54]. Moreover, HPTLC is characterized as a
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8,00-40,00

state-of-the-art method and a useful analytical tool in the case of complex mixtures, e.g.,
plant extracts [55].

3.3. GC-MS Analysis

Amongst analytical techniques, GC-MS has been almost exclusively used for the
chemical characterization of CMO as well as CMG [50,56,57]. More precisely, GC-MS
constitutes the method of choice as it is often employed for the detection of adulteration
phenomena in the oil and, generally, for its quality assessment [51]. In the current study, 8
samples of essential oils produced from fresh and slightly aged resins (CMO_1-8) were
analyzed. Due to the minimal production of essential oils from resins aged 10 years and
more, only one sample, namely CMG_9, provided oil in an adequate quantity (CMO_9) and
was, therefore, forwarded for analysis. In Figure 2, superimposed total ion chromatograms
(TIC) of representative samples (CMO_1, CMO_8, and CMO_9) are presented, clearly
demonstrating the chemical transformations taking place over time.
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Figure 2. GC-MS chromatograms of Chios Mastic Oils (CMOs) obtained from (A) a fresh (CMO_1), (B) a 2-year-old (CMO_8)
and (C) a 10-year-old resin (CMO_9).

Based on the GC-MS data explained in detail in Table 2, 33 compounds were identified
in fresh CMO samples (CMO_1-7) (97.69%) together with 7 non-identified (1.10%).

The main categories of metabolites found in fresh samples (CMO_1-7) were monoter-
pene hydrocarbons (86.01%), oxygenated monoterpenes and benzenoids (4.60%), sesquiter-
pene hydrocarbons (4.99%), oxygenated sesquiterpenes (0.63%), and diterpene hydro-
carbons (1.47%). The oil produced from a 10-year-old resin (CMO_9) demonstrated a
significantly different profile verifying the HPTLC observations and 25 compounds were
identified in total (70.85%). A more comprehensive annotation of a fresh and aged sample is
presented in Figure S5. Even from a preliminary inspection of the available chromatograms,
it is obvious that ageing has a profound effect on the composition of CMO, and hence it
shall be discussed in greater detail in the following Section 3.4.
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Table 2. GC-MS analysis of the essential oil composition of fresh CMO samples (CMO_1-7).

Molecular Main Fragments
i1 2 8 3 4
A/A Rt (min) Compound Formula MW (g/mol) (Descending Intensity) RI M
93, 67,49, 41, 84,79, 108,
1 9.75 N/1_C01 CyoHig 136.23 121, 136 - MS
2 10.36 a-Pinene CyoHie 136.23 93,77,105, 121, 67, 41, 53, 136 - MS
3 12.10 Sabinene CioHig 136.23 93,77,41, 136, 121, 105 - MS
4 12.31 B-Pinene CioHig 136.23 93,69,41,79,121, 136 - MS
5 12.88 B-Myrcene CyoHig 136.23 69,93,41,79,53,121,107, 136 - MS
6 14.06 o-Methyl- CgH;00 122.16 122,107, 77,91, 51, 69, 41, 83 - MS
anisole
7 14.76 D-Limonene CioHig 136.23 68,93,79,107, 53,121, 41, 136 - MS
49, 84,93,41,69,77,121,
8 16.22 N/I_C02 CioH150 154.25 107, 136 - MS
49, 84,93, 69,41,79, 107,122,
9 16.88 N/I_C03 C1oH150 154.25 137, 152 - MS
10 17.64 Terpinolene CioHig 136.23 93,121, 136, 69, 79, 41, 105, 152 - MS
11 17.86 Camphenol C1oH160 152.23 93,108, 67,41,79,121, 137,152 - MS
Perillene & C1oH140 & 69,71,41,93, 55, 81, 150, 121,
12& 13 18.25 a-Linalool CyoHysO 150.22 & 154.25 107,135 - MS
69,71,93,41, 55, 84,121, 150,
14 18.81 N/I_C04 CioH;50 154.25 107, 156, 154 - MS
a-
15 19.67 Campholenal C1oH160 152.23 108, 93, 67, 41, 81, 150, 119, 136 - MS
. 55,92, 69,41, 83,109, 119,
16 20.30 Pinocarveol C1oH160 152.23 134,150 - MS
17 20.57 Cis-Verbenol C1oH160 152.23 109, 41, 81, 91, 69, 119, 150, 137 - MS
49, 84, 69, 41, 108, 93, 135,
18 21.40 N/I_C05 Cy1Hyg 150.26 122,150 - MS
19 2233 Verbenol CioH140 152.23 59,94,79, 69, 83, 41,109, 119, - MS
136, 150
20 23.07 Myrtenal C1oH140 150.22 79,107,91,41,67,119,135,150 1203.0 RI,MS
21 23.81 Verbenone C1oH140 150.22 107,91,79,135,67,41,150,122 12205 RI,MS
93, 69,49, 41, 84,79, 136, 164,
22 26.27 N/1_Co06 C1oH160 152.23 121, 109, 150 - MS
23 26.89 Bornylacetate  Cy,Hy00; 196.29 95,43, 121’1153:’11905’ 67,5580, 1916 RI,MS
105, 161,119, 49, 91, 69, 41, 84,
24 29.46 N/I1_C07 Ci5Hp60 22237 58, 204, 148, 133 - MS
. 119, 105, 93, 133, 69, 41, 55, 79,
25 29.64 a-Longipinene Cis5Hpy 204.35 204, 161, 152, 189 13544  RI,MS
105,119, 93, 161, 41, 69, 79, 55,
26 30.46 a-Ylangene C15Hos 204.35 133, 204, 189, 146 13730 RI, MS
105,119, 161, 93, 69, 81, 41,
27 30.76 a-Copaene Cy15Hos 204.35 148, 133, 204, 189 1379.6  RI,MS
28 31.10 B-Bourbonene Ci5Hpy 204.35 81,123, 91,105, 41, 69, 161, 1387.3  RI,MS

148, 133, 204
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Table 2. Cont.

Molecular Main Fragments
i1 2 8 3 4
A/A Rt (min) Compound Formula MW (g/mol) (Descending Intensity) RI M
93, 81, 69, 148, 41, 105, 121,
29 31.33 B-Elemene Ci5Hos 204.35 133, 161, 189, 176, 204 13927 RI, MS
93, 69,133,105, 41, 79, 55, 148,
30 31.98 Isocaryophyllene Ci5Hoy 204.35 119, 161, 189, 175, 204 1407.6  RI, MS
- 93,133, 105, 69, 79, 41, 55, 120,
31 3265 Caryophyllene Cistag 204.35 147,161, 189, 175, 204 14239 RI, MS
93,121, 80, 107, 147, 67, 41, 53,
32 34.21 a-Humulene Ci5Hps 204.35 204, 136, 189, 161,175 14611  RI, MS
105, 161,91, 119, 79, 133, 69,
33 35.11 a-Muurolene Ci5Hps 204.35 41,204 55, 148, 189, 178 14823  RI MS
161, 105,91, 79, 119, 41, 148,
34 35.39 D-Germacrene Ci5Hps 204.35 133, 69, 204, 178 1489.0  RI, MS
Caryophyllene 79,93, 41, 69,107, 55,121, 135,
% 39.46 oxide C15H240 22035 147,161, 178, 187, 205, 220 15912 RL MS
a-Humulene 109, 67,96, 138, 43, 55, 81, 123,
36 4068 epoxide IT C15H240 22035 178, 148, 164, 205, 191, 220 ) MS
p- 69, 41, 93, 105, 55, 119, 79, 133,
37 50.40 Camphorene/ CpoHsp 272.47 229,147,187,161, 272,175, - MS
Dimyrcene 202, 216, 243, 257
69, 93,41, 105, 55,79, 121, 187,
38 51.15 Dimyrcene CpoHsp 272.47 147,229,133, 159, 203, 272, - MS
175, 257, 215, 243
m- 69, 41,91, 105, 119, 79, 133, 55,
39 52.26 Camphorene/ CpoHsp 272.47 147,229,203, 161, 187, 272, - MS
Dimyrcene 257,173, 216,243
69, 93,41, 105, 79, 133, 119, 55,
40 53.58 Dimyrcene CpoHsp 272.47 229, 147,203,161, 187, 272, - MS

257,175

1 Rt = Retention time; 2 MW = Molecular Weight; 3 RI = Retention Indices calculated against n-alkanes; 4 IM = Identification Method.

Regarding the fresh samples’ chemical composition (CMO_1-7), the dominant com-
pounds are a-pinene (Rt 10.3 min) ranging from 56.4 to 73.0% (avg. 64.8%) and B-myrcene
(Rt 12.8 min) ranging from 12.6 to 19.9% (avg. 16.4%), verifying available informa-
tion [15,51]. Other compounds detected in significant levels included B-pinene (2.47—
3.08%), limonene (1.24-1.98%), perillene coeluting with a-linalool (0.84-2.53%), and p-
caryophyllene (2.21-6.38%). Interestingly, perillene has only been reported in two stud-
ies thus far [11,51] while the compounds camphor, 1-ethenyl-2,4-dimethylbenzene or
1-methyl-4-(2-propenyl)-benzene, f-methyl-cinnamaldehyde, trimethyl-hydroquinone,
3,8,8-trimethyl-1,2,3,4,5,6,7,8-octahydro-2-naphthalenyl methyl acetate, and 4-acetyl-1-
methylcyclohexene are reported for the first time in the 10-year old CMO.

The major compounds found in mastic’s essential oil, a-pinene and S-myrcene have
been proposed in the past as quality markers for CMO [51], however, most available studies
did not follow a standardized methodology for the resin’s distillation and/or the storage
period was not mentioned. Therefore, a direct comparison of the calculated metabolites’
content was not possible, especially when the geographical origin of the starting material
was not clear [26] or market samples of CMO were analyzed [51]. As a consequence, the
reported levels of those two major compounds varied considerably in the existing literature,
i.e., for a-pinene between 30-90% and for f-myrcene between 1-60% [50,58,59]. In fact, it
appears that sample origin is so crucial to the essential o0il’s composition that in some cases
of essential oil acquired from a different Pistacia lentiscus variety, f-myrcene was reported
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at very low levels (<4%) or it was completely absent [26,60,61]. Impressively, in one case,
a-copaene is mentioned as one of the major compounds, while according to our findings it
constitutes one of the minor constituents [62].

We hereby have to note that despite the existence of a limited number of studies
assessing CMO’s chemical composition, to our knowledge, there is only one previous
research work by Paraschos and colleagues where a considerable number of authentic
mastic oil samples have been analyzed similar to the current study [51]. Nevertheless,
even in this comprehensive effort, the samples were not acquired through a controlled
laboratory process, instead, they were commercial specimens provided by the official
producers. In that scope, the present work attempts to narrow down the proposed limits of
marker compounds in CMO, following a standardized methodology for its distillation, as
proposed by an official authority (Ph. Eur.).

3.4. Essential Oil Ageing

Ageing together with storage are critical for quality assessment; hence monitoring of
marker compounds during the ageing process is deemed essential. In the current study,
the ageing effect on the resin and the produced essential oils was assessed in samples
collected 2 and 10 years prior to analysis with the view to provide further insight on the
chemical transformations taking place in mastic samples overtime. Table 3 summarizes
the qualitative and/or quantitative differences in specific constituents between fresh and
aged samples.

Table 3. CMO chemical composition in fresh (CMO_1-7), aged for 2 years (CMO_8) and aged for 10 years (CMO_9)

samples analyzed.

Compounds

(Min-Max) % in
Fresh Samples (1 = 7)

% in the 2-Year-Old
Sample (n =1)

% in the 10-Year-Old
Sample (1 =1)

Average % + SD in
Fresh Samples (n = 7)

Monoterpene hydrocarbons
Oxygenated monoterpenes 1 &
Benzenoids *
Sesquiterpene hydrocarbons
Oxygenated sesquiterpenes
Diterpene hydrocarbons
Ketones
Total identified
Total non-identified

79.40-91.15 86.01 + 437 81.96 13.2
3.75-6.25 4.60 £ 0.78 435 52.51
2.84-7.94 499 +1.96 591 0.08
0.29-0.96 0.63 +0.26 0.90 191
0.29-2.62 1.47 £ 0.89 3.23 -

B - 3.23

96.12-98.43 97.69 £ 0.79 96.35 70.85
0.76-1.66 1.10 =+ 0.31 1.98 29.00

(Min-Max) % in Average % =+ SD in % in the 2-Year-Old % in the 10-Year-Old

Compounds Fresh Samples (n=7)  Fresh Samples (n =7) Sample (n =1) Sample (1 =1)
Monoterpene Hydrocarbons
o-Pinene 56.42-72.99 64.83 +5.78 65.65 12.00
3-Pinene 2.47-3.08 2.75+0.25 3.81 0.45
-Myrcene 12.6- 19.94 16.40 + 3.17 8.90 -
Sabinene 0.18-0.3 0.23 4+ 0.04 0.28 -
D-Limonene 1.24-1.98 1.66 £ 0.32 3.24 -
Terpinolene 0.11-0.2 0.15 4 0.04 0.08 -
Camphene - - - 0.75
Oxygenated Monoterpenes ! & Benzenoids 2
Perillene ! & a-Linalool ! 0.84-2.53 1.68 4 0.64 173 -
Camphenol 1 0.06-0.09 0.08 4 0.01 0.07 -
«-Campholenal ! 0.33-0.47 0.39 £ 0.05 0.42 6.32
Pinocarveol ! 0.31-0.72 0.50 4 0.14 0.29 5.16
cis-Verbenol ! 0.3-1.05 0.61 £ 0.25 0.2 -
Verbenol ! 0.15-0.31 0.21 4 0.057 0.17 -
Verbenone ! 0.07-0.22 0.13 + 0.059 0.07 7.21
Bornyl acetate 1 0.07-0.2 0.11 £ 0.046 0.06 0.98
Campholene group ! - - - 4.62
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Table 3. Cont.

Compounds (Min-Max) % in Average % =+ SD in % in the 2-Year-Old % in the 10-Year-Old
Fresh Samples (n=7)  Fresh Samples (n = 7) Sample (n =1) Sample (n=1)
Oxygenated Monoterpenes ! & Benzenoids 2
Camphor ! - - - 0.78
3,6,6-Trimethyl
norpinan-2-one ! & - - - 4.99
Pinocarvone !
cis-3-Pinanone ! - - - 0.27
cis-Carveol ! - - - 1.47
1-Ethenyl-2,4-
dimethylbenzene or
1-Methyl-4-(2-propenyl)- 0.36-0.84 0.60 £ 0.16 1.14 1.93
benzene ~ &
o-Methyl-anisole >
0-, p- & m-Cymene 2 - - - 5.30
B-Methyl-cinnamaldehyde 2 - - - 0.15
Myrtenal ! & p-Cymen-8-ol 2 0.22-0.39 0.28 4 0.058 0.2 11.11
Carvone! & _ - - 222
Trimethyl-hydroquinone 2 ’
Sesquiterpene Hydrocarbons
B-Caryophyllene 2.21-6.38 413 +£1.53 4.74 -
«-Humulene 0.28-0.91 0.54 4+ 0.22 0.69 -
x-Longipinene 0.01-0.07 0.03 £ 0.02 0.02 -
o-Ylangene 0.04-0.16 0.10 £ 0.04 0.08 0.08
«-Copaene 0.02-0.08 0.05 £ 0.02 0.06 -
B-Bourbonene 0.01-0.07 0.04 £ 0.02 0.07 -
f-Elemene 0.01-0.09 0.04 £0.03 0.07 -
Isocaryophyllene 0.02-0.11 0.06 £ 0.03 0.07 -
a-Muurolene 0.03-0.09 0.05 £ 0.02 0.08 -
D-Germacrene 0.05-0.1 0.06 £ 0.02 0.03 -
Oxygenated Sesquiterpenes
Caryophyllene oxide 0.27-0.89 0.58 £ 0.24 0.82 1.63
«-Humulene epoxide II 0.02-0.07 0.05 £ 0.02 0.08 -
3,8,8-Trimethyl-
1,2,3,4,5,6,7,8-octahydro-2- B B B 028
naphthalenyl methyl '
acetate
Ketones
4-Acetyl-1- . B B 153
methylcyclohexene
2-Undecanone - - - 1.70

1 Oxygenated monoterpenes; 2 Benzenoids.

Even from a preliminary analysis of the results, it is obvious that CMG undergoes
severe alterations to its chemical composition. In more detail, it seems that monoterpene
hydrocarbons decrease slightly in the 2-year storage (81.96%) and significantly in the
10 years one (13.2%). Oxygenated monoterpenes and benzenoids have similar rates over
the 2-year period, but in the 10-year-old sample, they constitute more than half of the oil’s
composition (52.5%); thus, chemical processes such as oxidation are implied. Sesquiterpene
hydrocarbons appeared to be almost absent in the 10-year aged sample, whilst their
oxygenated counterparts were higher compared to the fresh samples. In the only study

42



Processes 2021, 9, 418

investigating the ageing in a 3-year storage period, there was only a slight decline in the
monoterpene hydrocarbons, while all the other categories exhibited similar rates [38].

Investigating individual compounds, it is obvious that the fresh collections contain
a-pinene and S-myrcene at the highest rates. It has been reported that under thermal
oxidation conditions, a-pinene and B-pinene can be transformed to oxygenated monoter-
penes [63,64]. a-Pinene seems to be unaffected in the collection aged for 2 years (65.7%),
verifying an existing study reporting a 3-year storage [38]. However, its content was found
significantly lower (12.0%) in the sample aged over a 10-year period. Evidently, as time
goes by, both compounds suffer from a definitive loss in content, however, f-myrcene,
clearly stands out as the one most affected by long storage periods. As a matter of fact,
in the collection of 2018, i.e., CMG_8, which produced little oil (CMO_8), f-myrcene was
found at a lower rate in contrast to the other fresh collections, while in the oil produced
from the 10-year aged collection, f-myrcene was completely absent. Therefore, f-myrcene
could be suggested as a marker for ageing as it clearly demonstrates a gradual decrease
over time [38]. Indeed, the ratios of f-myrcene/x-pinene and B-pinene/B-myrcene have
been previously proposed as quality markers for CMO [38,51]. According to our findings
presented in detail in Table S1, the ratio of f-myrcene/ x-pinene was more suitable for
the qualitative evaluation of CMO’s ageing process, as it displayed a more evident de-
crease in oils procured from aged resins and a low SD amongst samples of fresh collection.
In fact, when this rate equals zero, as in the case of the 10-year old collection, it can be
safely assumed that the oil is entirely aged. The ratios calculated herein coincide with
those previously reported [11,38,51], with B-myrcene/x-pinene ranging from 0.14-0.35
and B-pinene/B-myrcene from 0.13-0.43.

Apart from the gradual degradation of marker-compounds such as a-pinene and
B-myrcene, other compounds were also decreased over time, with the most characteristic
being B-caryophyllene (Rt 32.6 min), giving its place to its oxidized product, caryophyllene
oxide (Rt 39.4 min). In the same context, oxidized products of monoterpenes such as
pinocarveol (Rt 20.4 min) and verbenone (Rt 23.8 min) dominated the profile of the 10-year
aged sample. Based on our data, these compounds, along with x-campholenal (Rt 19.7 min)
were detected <1% in fresh samples, whereas pinocarvone (Rt 21.3 min) and cis-carveol (Rt
24.2 min) were only detected in the aged sample (Figure 3).

p-caryophyllene
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l B . u D-limonene
\\ 8 ‘ & B-caryophyllene

= a-campholenal

/ X m pinocarveol
a-campholenal \ B verbenone
4 B other
. O
f-myrcene pinocarveol |
verbenone
)\/\/‘I\/ OH ° ‘
H i .
e a-pinene
H

p-pinene

5N

Figure 3. % Content of different volatiles in CMOs obtained from (A) fresh and (B) 10-year-old resin.

Pinocarvone, however, has been mentioned thus far only in one study of samples
from a fresh collection [11]. Moreover, camphene (Rt 11.0 min), eluting close to x-pinene,
appears only in the aged sample, implying a possible isomerization of the latter [38].
Other transformations taking place include the conversion of D-limonene (Rt 14.7 min)
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to benzenoid cymene derivatives (Rt 14.6 min) and that of perillene and o-linalool (Rt
18.2 min) to the oxygenated campholene ones (Rt 17.8 min). Benzenoid cymene derivatives
have also been found to increase in samples of aged wine [65], and as for D-limonene,
Karlberg et al. suggested its possible transformation into carvone under air exposure [66].

Similar observations could be made for benzenoid compounds and cymene derivatives
such as p-cymen-8-ol, carvone (Rt 25.3 min), as well as 0-, p- and m-cymene, which constitute
characteristic examples. The presence of p-cymene has been reported in three studies of
fresh collections (<0.4%) [11,30,60]. Moreover, in the aged collection sample, myrtenal
(Rt 23.1 min) seemed to co-elute with p-cymen-8-ol (Rt 22.9 min), a compound referenced
only in one study of a fresh collection of mastic [11]. 0-Methyl-anisole is a compound
found both in fresh and aged oils; however, in the 10-year old oil, it seemed to co-elute
with 1-ethenyl-2,4-dimethylbenzene or 1-methyl-4-(2-propenyl)-benzene (Rt 14.0 min). In
accordance with our findings, in the only work studying the ageing of CMG during a 3-year
storage period, camphene, limonene, B-pinene, p-cymene, myrtenal, and trans-carveol were
augmented [38]. An interesting and somewhat contradictory observation, though, was that
B-pinene and D-limonene seem to be increased in the 2-year storage verifying the previous
reference whilst the first decreases significantly (<1%) and the second disappears in the
10-year-old sample.

Finally, regarding the presence of dimyrcenes, their content was found higher in the
2-year collection sample compared to the fresh ones, but they were absent from the 10-year
collection. A plausible explanation could be the gradual polymerization of myrcene first
to its dimer (after a short storage period) and then to its polymer over a longer ageing
time. Dimyrcenes have only been detected in fresh collections in the Seville’s and Izmir’s
essential oils of Pistacia lentiscus resin at levels similar to those presented herein [11,60].
Finally, two ketones, namely 4-acetyl-1-methylcycloxene (Rt 13.3 min) and 2-undecanone
(Rt 27.2 min), have been detected only in the 10-year-old sample. The existence of 2-
undecanone at a low rate (<0.2%) has been reported in only two studies analyzing samples
of fresh collections [30,60].

To summarize, according to our findings, the oil produced from the resin aged for
2 years presented few differences with the fresh ones, with the only evident exception
being B-myrcene, the compound, which seems to be the most affected by ageing. On the
other hand, in the oil produced from the resin stored for a period longer than 10 years, the
chemical composition was completely altered with oxidized products such as verbenone,
pinocarveol, and a-campholenal dominating the oil’s profile. a-Pinene is still one of the
major constituents of the aged oil, and B-myrcene is completely absent, probably due to
extensive polymerization phenomena.

3.5. Antifungal and Antibacterial Effects of Resins and Essential Oils

All resins (CMG_1-7) and essential oils (CMO_1-7) from fresh collections together
with the resin stored for 2 years (CMG_8) and the respective oil (CMO_8) were tested for
their antifungal and antibacterial activity. In vivo growth tests were performed against
the following microorganisms: Fungi: Aspergillus nidulans, Aspergillus fumigatus, Candida
albicans, Mucor circinelloides, and Rhizopus oryzae. Bacteria: Escherichia coli, Pseudomonas
aeruginosa, and Bacillus subtilis. The rationale for the choice of fungi to be tested is the
following. A. nidulans is a non-pathogenic well-studied model system that permits unique
genetic, molecular, and cellular approaches [67] that would have enabled us to address
the mechanism of any potential action of the mastic compounds tested. A. fumigatus and
C. albicans are two of the most prominent major fungal (ascomycete) human pathogens in
immunocompromised people [68,69]. M. circinelloides and R. oryzae are clinical isolates of
Mucorales, a genus of emerging pathogens that often includes strains resistant to antifungal
pharmacological therapy [70-72]; provided by Dr. George Chamillos, IMMB]. The bacteria
tested are standard strains that represent Gram— (E. coli) or Gram+ (B. subtilis) model
eubacteria, whereas P. aeruginosa is a common Gram— bacterium that can cause disease in
plants and animals, including humans.
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Figure 4 and Figure S6 summarize results obtained with fungi and bacteria, respec-
tively.
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Figure 4. Effect of resins and essential oils against fungi. (A,B) Comparative growth test of A. nidulans, A. fumigatus,
M. circinelloides, and R. oryzae on Minimal Media (MM) after 3 days at 37 °C in the presence or absence (control/solvent) of
samples. In (A) Mastic resins (CMG_1-8) and essential oils (CMO_1-8) were diluted in DMSO and added to MM in a final
concentration of 0.2 mg/mL (1% DMSO). In (B), mastic resins were diluted in ethanol and added to the minimal media in a
final concentration of 0.4 mg/mL (1% ethanol). (C) Epifluorescence microscopy of an A. nidulans strain co-expressing a
plasma membrane (PM) purine transporter tagged with GFP (AzgA-GFP) and a mitochondrial marker tagged with DsRed
(CitA-DsRed) in the presence or absence of resins (CMG_1-8). CMG_5 and CMG_8 depict representative results of the effect
of all mastic resins tested. Scale bar: 5 um (D) The bar graph depicts growth rate of Candida albicans in the presence of mastic
resins (CMG_1-8) after 24 h of incubation. The standard deviation in all cases was <1%.

Figure 4A shows that all samples tested, when dissolved in DMSO, had minor or no
effect on fungal growth. More specifically, in the case of A. nidulans, all led to a moderate
reduction in colony diameter and no effect on apparent conidiospore production. Among
those, CMG_8 (2.2 cm), followed by CMG_6 and CMG_1 (2.5 cm), had the most prominent
effect, compared to the control (3.2 cm). It is important to note that the most potent was the
most aged between the analyzed samples. The respective oils (CMO_1-8) had practically
no effect on A. nidulans colonies. CMG_8 also had the strongest effect on A. fumigatus
(2.5 cm versus 3.2 cm in control), while other CMGs had minor effects on growth. Nearly
all CMGs had an effect on hyphal density in M. circinelloides, not evident in R. oryzae, but
did not affect the rate of colony growth in any of the two Mucorales. CMOs had no effect
on M. circinelloides, but CMO_2 and CMO_7 led to a significant reduction of hyphal density
in R. oryzae.

Based on these results, we retested all CMGs at 2-fold increased concentration, this
time diluted in ethanol. Results shown in Figure 4B demonstrate that CMG_4, CMG_5, and
CMG_8 had a negative effect on A. nidulans colony diameter, reducing it from 2.2 cm to
1.4-1.7 cm, while again CMG_8 also led to a significant reduction of growth in A. fumigatus
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(1.9 cm compared to 2.6 cm in the control). Overall, CMG_8 showed the most consistent
negative effect on the growth of both Aspergilli (22-37% reduction of colony diameter).

As far as it concerns Mucorales, again, most CMGs led to a significant reduction in
hyphal density in M. circinelloides, but not in R. oryzae. Based on the result for growth
tests, it became apparent that the CMG_8 had a promising antifungal effect mostly against
Aspergilli, but possibly also against M. circinelloides. To investigate possible cellular defects
underlying its action, but also of other CMG and CMO samples, we took advantage of
available genetic strains expressing specific fluorescent molecular markers in A. nidulans,
and in particular a strain stably expressing a plasma membrane (PM) protein (purine
transporter AzgA) and a mitochondrial protein (citrate synthase CitA), tagged with GFP or
DsRed, respectively [73,74]. Several known antifungal agents have a targeting effect on the
cell wall or PM biosynthesis or in mitochondrial functioning and morphology [72,75]. In
previous reports, oils have been shown to have minimal and variable activity against some
fungi (e.g., Saccharomyces cerevisiae, Zygosaccharonyces bailii, Aspergillus flavus, Penicillium
roquefortii, Eurotium amstelodami; [76]), but to our knowledge, there were practically no
reports on mastic resins against fungi, except a report related to the phytopathogenic
fungus Rhizoctonia solani [61]. Figure 4C shows representative results with CMG_8 and
CMG_5. None of the samples tested had any detectable effect on the general morphol-
ogy of A. nidulans hyphal cells, or in the localization, stability, and turnover of PM or
mitochondrial proteins.

As shown in Figure 4D, we did not detect any significant effect against C. albicans.
Moreover, all tested samples did not seem to have any significant effect on the growth of
the bacterial strains tested. Figure S6 shows optical densities of bacterial strains after 24 h
of growth in the presence of samples compared to the control culture. No effect was also
observed at earlier incubation times (8 and 16 h, data not shown).

From the aforementioned results, specific CMGs do have a moderate antifungal
activity, which apparently is not directly related to the integrity of the cell wall, the PM of
the functioning of mitochondria. It is interesting to note that the most potent resin was the
one after 2 years’ storage, while the respective oil did not present any activity. A reasonable
assumption is that degradation and/or oxidized forms of terpenes were most probably
responsible for the observed effects, while a possible role of the relatively increased levels
of poly-p-myrcene cannot also be ignored.

4. Conclusions

In the present study, 11 different authentic mastic resins (CMG) from different col-
lection times were investigated together with their respective essential oils (CMO). All
samples were analyzed by HPTLC using the elution system proposed by the Ph.Eur. mono-
graph and a new one developed in-house with the new system providing an improved
separation and a higher resolution for the detected constituents. HPTLC could be used as a
fast screening method for CMG and CMO samples and is even suitable for the detection
of the ageing effect on both sample types. Based on our results, the two criteria set by
the Pharmacopoeia, namely distillation yield, and the TLC method, were found to be
insufficient and inaccurate for the successful identification of the resin and adulteration
detection and, therefore, they should be reconsidered.

CMOs were also analyzed by GC-MS, and more than 30 compounds were identified in
the fresh oils, and specific content ranges were proposed for the major components of CMOs
originating exclusively from P. lentiscus var Chia. Major differences were observed in CMO’s
major compound classes during the ageing process. Monoterpene hydrocarbons were
found to gradually decrease over time, followed by a simultaneous increase in oxygenated
monoterpenes and benzenoids. A similar pattern is observed between sesquiterpene
hydrocarbons and oxygenated sesquiterpenes. a-Pinene and f-myrcene, which are quality
markers for CMO, were found in high levels in fresh samples, also showing a continuing
decline over time. However, B-myrcene seems to be a more suitable marker of ageing since,
due to extensive polymerization after 10 years, it is not detectable. Similarly, camphene
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appears only in aged samples as an isomerization product of a-pinene. Amongst these
lines, other compounds such as x-campholenal, pinocarveol, verbenone, and pinocarvone
could also be proposed as ageing markers.

Regarding the antimicrobial properties of the samples, overall, the resins were found
to be more potent compared to oils and specifically against A. nidulans, A. fumigatus, and
M. circinelloides as judged on their effect on colony diameter and growth in general. Here,
we also obtained direct cellular evidence that the moderate effect of the most potent mastic
compounds does not seem to be associated with major morphological defects of the PM,
nuclei organization, or the mitochondria of A. nidulans. Interestingly also, the most active
was compound CMG_8 was a resin sample stored for 2 years, while the relative fresh
sample showed moderate activity.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2227-971
7/9/3/418/s1, Figure S1: HPTLC chromatogram of CMG with the Ph. Eur. Method. Detection at
(A) 254 nm and (B) 366 nm. Figure S2: HPTLC chromatogram of CMO with the Ph. Eur. Method.
Detection at (A) 254 nm and (B) 366 nm. Figure S3: HPTLC chromatogram of CMG developed with
the in-house method. Detection at A) 254 nm and B) 366 nm. Figure S4: HPTLC chromatogram
of CMO developed with the in-house method. Detection at (A) 254 nm and (B) 366 nm. Figure
S5: Zoomed superimposed total ion chromatograms (TIC) of a fresh (CMO_1) and an aged sample
(CMO_9). Figure S6: Effect of resins and essential oils against bacteria. Comparison of bacterial
growth (E. coli, P. aeruginosa and B. subtilis), as expressed by measuring optical density values
(550 nm), in the presence of resins (CMG_1-8) or essential oils (CMO_1-8), after 24 h of incubation at
37 °C. Values in graphs represent % of growth in the presence of mastic extracts relative to control
(no mastic extract added) taken as 100%. In the left panel mastic resins and essential oils diluted in
DMSO were added at a final concentration of 0.2 mg/mL (1% DMSO), whilst in the right penal mastic
resins diluted in ethanol were added at final concentration of 0.4 mg/mL (1% ethanol). Standard
deviation in all cases was <1%. Table S1: Minimum, maximum, and average values for the ratios of
major compounds in CMO samples (CMO_1-8, CMO_9).
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Abstract: Nontuberculous mycobacteria, like other opportunistic premise plumbing pathogens, pro-
duce resistant biofilms on various surfaces in the plumbing system including pipes, tanks, and fittings.
Since standard methods of water disinfection are ineffective in eradicating biofilms, research into new
agents is necessary. Essential oils (EOs) have great potential as anti-biofilm agents. Therefore, the pur-
pose of this research was to investigate the potential anti-biofilm effect of common juniper (Juniperus
communis) and immortelle (Helichrysum italicum) EOs. Minimum inhibitory concentrations (MIC),
minimum bactericidal concentrations (MBC), and minimum effective concentrations of EOs on My-
cobacterium avium, M. intracellulare, and M. gordonae were tested. Additionally, biofilms on the surface
of a stainless steel disc were treated with single or mixed concentration of EOs, in order to investigate
their degeneration via the bacterial count and confocal laser scanning microscopy (CLSM). H. italicum
EO showed the strongest biofilm degradation ability against all Mycobacteria strains that were tested.
The strongest effect in the biofilm degradation after the single or mixed applications of EOs was
observed against M. gordonae, followed by M. avium. The most resistant was the M. intracellulare
biofilm. Synergistic combinations of ]. communis and H. italicum EOs therefore seem to be an effective
substance in biofilm degradation for use in small water systems such as baths or hot tubs.

Keywords: biofilm; common juniper; immortelle; nontuberculous mycobacteria; stainless steel

1. Introduction

Mycobacteria originated 150 million years ago [1]. The genus Mycobacterium is the
only member of the family Mycobacteriaceae from the order Actinomycetales and the class
Actinomycetes. Today, more than 200 species belong to the genus Mycobacterium, which
include obligate and opportunistic pathogens and saprophytes [2]. Nontuberculous my-
cobacteria (NTM) are a heterogeneous group of environmental bacteria mainly isolated
from water, soil, dust, various animals, milk, and dairy products [3]. Although mostly ap-
athogenic, nowadays, they increasingly represent important environmental opportunistic
pathogens [4]. Mycobacterium avium and M. intracellulare are members of the Mycobacterium
avium complex (MAC). These are slow-growing unpigmented mycobacteria that form
smooth, flat, transparent colonies. MACs are the most frequently isolated pathogenic NTM
species from respiratory samples [5]. M. gordonae is a mycobacterium that forms smooth
orange colonies and is a mostly apathogenic, saprophytic species of NTM [5,6]. In Croatia,
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it is one of the most common isolates from the respiratory tract, but is extremely rarely
associated with clinically proven infection [7]. Inhalation of infectious aerosol is a major
transmission route for pulmonary infections caused by NTM [8]. The source of infection
can be drinking tap water, well water, taps in residential, hospital and laboratory areas, hot
tub water, house dust, potted soil, forest soil, domestic animals, or sea water [8-10]. The
presence of NTM in these sources is mainly a result of their ability to form biofilms and to
survive in free-living amoebae [9]. Due to a high content of complex lipids and mycolates,
the cell wall of mycobacteria is extremely hydrophobic, which greatly facilitates their
binding to various surfaces and biofilm formation and contributes to their resistance to
phagocytosis, disinfectants, and antimicrobial drugs [2]. The research revealed that tap wa-
ter is often a source of NTM colonization and/or infection [11]. In the aquatic environment,
M. avium has an exceptional ability to form biofilm [4]. As a result, this mycobacterium,
along with Legionella pneumophila, Pseudomonas aeruginosa, and Acinetobacter baumannii, is
classified as an opportunistic premise plumbing pathogen (OPPP) [12]. Twice as many
Mycobacterium spp. were found in biofilm samples from showerheads than were found
in drinking water samples. M. gordonae, M. avium, M. intracellulare, and M. xenopi were
the species most frequently isolated from these biofilms, while drinking water contained
significant amounts of M. gordonae, M. chelonae, M. fortuitum, and M. terrae [13,14].

Most studies comparing the formation of biofilms of slow-growing NTMs in the
aquatic environment have identified three key determinants: First, NTMs can, indepen-
dently, without the presence of other microorganisms, create a suitable substrate and begin
biofilm formation. Second, plastic and siliconized substrates widely used in medicine
and in the water supply system can be very quickly colonized with mycobacteria. Third,
NTMs can produce biofilms under the conditions of low nutrient levels such as in the water
supply system, without significantly impairing their growth potential [15].

The Mediterranean area is known as the natural habitat of a large number of medicinal
plants that have long been utilized in traditional medicine. According to the available
data, the Croatian flora consists of over 4000 species [16]. Research on the antimicrobial
effect of certain plant species and natural substances, the effective concentration of which
has no harmful effects on the human body, represents an important contribution to the
improvement of therapeutic and preventive protocols. The biochemical and physiological
properties of each plant species directly depend on its chemical composition. This primarily
refers to the fact that each individual species inhabiting a particular geographical area
will have a genome encoding specific enzyme system, which in turn produces a specific
range of certain chemical compounds [17]. Essential oils (EO) are extracts characterized
as a complex mixture of volatile constituents having a strong scent. They are formed by
the secondary metabolism of plants [18]. There is substantial data in the literature on the
antibacterial, antifungal, and antiviral effects of different EOs [19-21], but few studies have
been made on the effects of EOs on mycobacteria [22,23].

Common juniper (Juniperus communis) is an evergreen coniferous shrub that grows
in the hilly regions of the Northern Hemisphere. Its needles and dried fruit are used in
traditional medicine as diuretic, uroantiseptic, carminative, digestive, and antioxidant
agents [24]. The main bioactive substances in J. communis EO are: a- and p-pinene, 8-
myrcene, sabinene, limonene, terpinene-4-ol and B-caryophyllene [25-27]. Immortelle
(Helichrysum italicum), a perennial flowering plant belonging to the genus Helichrysum,
from the family Asteraceae, is widely distributed along the Adriatic coast and islands and
is used in traditional medicine for its anti-inflammatory, antimicrobial, and antioxidant
properties [28]. H. italicum EO, produced from the flowering plant, is most commonly
reported to contain: a-pinene, neryl acetate, f-curcumene, y-curcumene, -caryophyllene,
limonene, a-cadrene, and geranyl acetate [17,29,30].

The first aim of this study was to determine the chemical compositions of ]. communis
and H. italicum EOs as well as to examine the antimicrobial effects of these EOs on M. avium,
M. intracellulare, and M.gordonae and to determine their minimum inhibitory concentration
(MIC) and minimum bactericidal concentration (MBC). The second aim was to examine
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the interaction of J. communis and H. italicum EOs on selected NTMs and their effect on the
degradation of mycobacterial biofilms formed on stainless steel.

2. Material and Methods
2.1. Essential Oils

The natural EOs of common juniper (Juniperus communis) and immortelle (Helichrysum
italicum) used in this research were purchased from IREX AROMA d.o.0., Zagreb, Croatia.
The EOs were produced in 2018. Gas chromatography and mass spectrometry (GC/MS)
analyses of EOs were done [31]. EOs have been shown to have chemical composition
characteristic for the said essential oils. Each EO was dissolved in dimethylsulfoxide
(DMSO; Kemika, Zagreb, Croatia) to obtain a stock suspension, which was stored in sterile
glass vials in the dark at 4 °C prior to use.

2.2. Strains and Growth Media

American Type Culture Collection (ATCC) strains were used in these experiments:
Mycobacterium avium ssp. avium (serotype 2) ATCC 25291, Mycobacterium intracellulare
ATCC 13950, and Mycobacterium gordonae ATCC 14470, and were cultured as described
previously [27,32,33]. Briefly, bacterial strains were subcultured twice in Middlebrook 7H9
broth (7H9S, Difco, Detroit, Michigan, USA) containing 10% albumin-dextrose-catalase
enrichment (ADC, Biolife Italiana, Milano, Italy) and 0.05% Tween 80 (Biolife Italiana,
Milano, Italy) at 30 °C (M. gordonae) or 37 °C (M. avium and M. intracellulare) for at least
14 days to obtain 108 CFU mL~!. The bacteria were kept frozen at —80 °C in 7H9S with
10% glycerol (Kemika, Zagreb, Croatia). For each experiment, an aliquot was thawed and
subcultured in 7H9S for at least 14 days and then on Middlebrook 7H10 agar (7H10S,
Difco, Detroit, Michigan, USA) with 10% oleic acid-albumin-dextrose-catalase enrichment
(OADC, Biolife Italiana, Milan, Italy) and 0.05% Tween 80 at 30 °C (M. gordonae) or 37 °C
(M. avium and M. intracellulare) for another 14 days. The number of bacteria in the initial
inocula were verified by diluting and plating the culture onto 7H10S and incubating at
30 °C (M. gordonae) or 37 °C (M. avium and M. intracellulare) for four to six weeks, after
which colonies were counted.

2.3. Sterile Tap Water Sample

In all experiments, tap water from the public water supply system of the city of Rijeka
was used. Physicochemical parameters of tap water in Rijeka are regularly monitored by
authorized Croatian testing laboratories certified to provide chemical analysis of drinking
water and show values that rarely deviate. The water is colorless and odorless, with a
normal temperature parameter depending on seasonal variations. It has low turbidity,
neutral to slightly alkaline pH (from 7.5 to 8.0), low conductivity (0.211-0.250 mS cam~!
at 20 °C), and moderate total hardness (135 mg LY. According to these parameters,
it is considered as medium hard. The tap water sample in a glass bottle was left at
room temperature for two days to allow for dechlorination. The water sample was then
autoclaved at 121 °C for 15 min and cooled to room temperature and stored at 4 °C until use.

2.4. Checkerboard Synergy Method

To determine the potential interaction effect of J. communis and H. italicum EOs on
NTM, the checkerboard synergy method was used, as described previously [33-35]. Briefly,
stock solutions and serial two-fold dilutions of each EO were prepared in 7H9S. These
dilutions were arrayed in a grid pattern, with the J. communis EO dilution series running
perpendicular to that of the H. italicum EO. The combinations of concentrations of each EO
tested are shown in the results section (Figure 1). An inoculum of each Mycobacterium isolate
(10° CFU mL~1) was prepared in 7H9S and added along with 0.015% resazurin solution
(Sigma-Aldrich, Darmstadt, Germany) to wells containing diluted EOs. Positive (bacterial
inoculum in 7H9S) and negative (7H9S) growth controls were prepared. Additionally,
the antibiotic amikacin (Sigma-Aldrich, Darmstadt, Germany) was also tested against all
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three mycobacteria. The final concentration of DMSO as a solvent was approximately 10%
and its effect was tested against the selected mycobacteria. The plates were incubated
for four days under aerobic conditions at 30 °C (M. gordonae) or 37 °C (M. avium and M.
intracellulare), and then dilutions from each well were inoculated on 7H10S in duplicate
and incubated for a further four weeks. Fractional inhibitory concentration or fractional
bactericidal concentration [36] and fractional inhibitory concentration index (FIC;) or
fractional bactericidal concentration index (FBCi) were determined as previously described
by Bassole et al. and White et al. [20,37]. Baes on the FIC; or FBC; values, a combination of
EOs was considered synergistic if FIC; /FBC; was <0.5, additive if FIC;/FBC; was >0.5 and
<1.0, indifferent when FIC; /FBC; was >1.0 and <4, and antagonistic if FBC; was >4 [38].

2.5. Effect of Juniperus communis and Helichrysum italicum Essential Oils on Mycobacterial
Biofilm on Stainless Steel Discs in Sterilized Tap Water

The effect of different concentrations of J. communis and H. italicum EOs as well as
synergistic or additive combinations of these EOs on the degradation of the biofilm of M.
avium, M. intracellulare, and M. gordonae was tested on stainless steel discs (diameter, 5 mm;
American Iron and Steel Institute (AISA) type 316) in sterilized tap water (STW). The discs
were left overnight in 70% ethanol (Kemika, Zagreb, Croatia), rinsed with distilled water,
air dried, dry heat sterilized at 160 °C, and then aseptically transferred to the wells of
microtiter plates (24-well microtiter plates, Falcon, Becton Dickinson, Franklin Lakes, New
Jersey, USA). Then, a suspension of 10° CFU mL~! of mycobacterial cells was prepared
in STW and added to wells containing discs to form a biofilm. The plates were incubated
for 72 h at 30 °C (M. gordonae) or 37 °C (M. avium and M. intracellulare), then carefully
washed with STW to remove planktonic cells and transferred to new microtiter plates. J.
communis EO or H. italicum EO in MIC, 2 x MIC and their synergistic (for M. avium and
M. gordonae) or additive (for M. intracellulare) combinations were added to the biofilm
and were then incubated for an additional 24 h at 30 °C (M. gordonae) or 37 °C (M. avium
and M. intracellulare). Untreated mycobacterial cells served as controls. Discs were then
washed three times with STW and sonicated in a water bath (Bactosonic, Bandelin, Berlin,
Germany) at 40 kHz for 1 min. Mycobacteria were quantified by culturing on 7H10S at
37 °C for 14 days, until colonies were observed. The percentage of degradation in the
biofilm on the stainless steel discs that resulted from this was determined as described
previously by Teanpaisan et al. [39]:

_ CFU of sample treated with EO

1
CFU of negative control x 100

Percentage of degradation (%) = 1

2.6. Determination of Cell Viability in Biofilms Growing on Stainless Steel Coupons, after
Treatment with Juniperus communis and Helichrysum italicum Essential Oils

Cell viability assays were performed (Live/Dead BacLight Bacterial Viability Kit;
Invitrogen, Carlsbad, California, USA) according to the manufacturer’s protocol. Briefly,
a biofilm of M. avium and M. intracellulare was grown for three days on round stainless
steel discs. These were exposed to the individual effect of ]. communis or H. italicum EOs,
in synergistic or additive combinations, for 22 h at 37 °C. The stainless steel discs were
carefully washed with STW to remove planktonic cells. Fluorescent-stain working solution
was prepared by adding 3 uL of the SYTO® 9 stain and 3 pL of the propidium iodide
(PI) stain to 1 mL of filter-sterilized water. This staining solution was then applied to the
surface of the disc and incubated in the dark for 15 min. The samples were then washed
with sterile saline to remove excess dye. Fluorescence from the stained cells was observed
using an Olympus confocal microscope FV300 (Olympus Optical Company, Tokyo, Japan)
with a 40x LCPlanF objective. The excitation/emission maxima for these dyes are around
480/500 nm for the SYTO® 9 stain and 490/635 nm for PI. Simultaneous dual-channel
imaging was used to display green and red fluorescence. The obtained images were saved
in TIFF format, and further processed using Image] 1.47. A minimum of three images per
term were analyzed.
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Figure 1. Checkerboard synergy method for the potential interaction of ]. communis and H.
italicum EOs on nontuberculous mycobacteria (NTM). MIC—minimal inhibitory concentration; FIC—
fractional inhibitory concentration; FIC;—fractional inhibitory concentration index; CTRL—control;
EO—essential oil.

2.7. Statistical Analysis

All assays were repeated three times. Experimental data were expressed as means
with standard deviations and analyzed using STATISTICA commercial software, 12.0
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(StatSoft, Tulsa, OK, USA). Differences between groups of samples were analyzed using
the Kruskal-Wallis ANOVA on ranks test, while the effects of EOs on mycobacterium were
tested using the Mann—-Whitney U test. Differences with p < 0.05 were considered to be
statistically significant.

3. Results
3.1. Checkerboard Synergy Method

The MIC and MBC values obtained for J. communis and H. italicum EOs against M.
avium, M. intracellulare, and M. gordonae were 1.6 mg mL~! and 3.2 mg mL ™!, respectively
(Figures 1 and 2). For the control antibiotic, amikacin, MIC was 0.002 mg mL~! for M.
avium, 0.001 mg mL~! for M. intracellulare, and 0.0005 mg mL~! for M. gordonae (Figure 1).
The DMSO growth control showed that the concentration applied did not affect the growth
of the mycobacteria being tested.

The best effective combination of low synergistic combinations of the EOs to achieve
a high efficacy against M. avium in the checkerboard synergy method was 0.8 mg mL ™!
(1/2 of the MIC) for J. communis EO, 0.006 (1/512 of the MIC) and 0.012 mg mL~! (1/256 of
the MIC) for H. italicum EO. A combination of 0.8 mg mL~1 J. communis EO with 0.006 mg
H. italicum EO represents the MIC for this pair of EOs against M. avium. A combination
of these EOs only showed an additive effect against M. intracellulare, with the lowest
concentrations of these combined EOs (MIC of the EO combination) being 0.8 mg mL ™"
(1/2 of the MIC) for J. communis and 1.6 mg mL~1 (1/2 x MIC) for H. italicum. MIC of the
combined EOs against M. gordonae was J. communis EO in concentrations of 0.1 mg mL ™!
(1/16 of the MIC) or 0.2 mg mL~! (1/8 of the MIC) and H. italicum in concentrations of
0.4 mg mL~! (1/8 of the MIC) or 0.8 mg mL~! (1/4 of the MIC). Nine possible synergistic
combinations were found against M. gordonae. The combinations of EOs that showed a
synergistic inhibitory effect against M. avium, also had a synergistic bactericidal effect
(MBC of the EO combination, Figure 2). Against M. intracellulare, no synergistic or additive
bactericidal effect of EO combinations was observed. The combinations of 0.4 mg mL ™!
J. communis EO and 0.025 mg mL~! or 0.8 mg mL~! H. italicum EO showed synergistic
bactericidal effect against M. gordonae. The MBC for amikacin was 0.004 mg mL~! against
M. avium and M. intracellulare and 0.008 mg mL~! against M. gordonae.

3.2. Effect of Juniperus communis and Helichrysum italicum Essential Oils on Mycobacterial
Biofilm on Stainless Steel Discs in Sterilized Tap Water

As can be seen in Figure 3, H. italicun EO was more effective than J. communis EO
at degrading biofilm formed in STW on stainless steel AISI 316 discs for all treatments of
mycobacteria. Almost all of the treatments (excluding the concentration of J. communis
MIC for M. avium and M. intracellulare) caused statistically significant biofilm degradation
(p < 0.05) using both EOs, when compared to the control group. In the control group, the
2 x MIC concentration of H. italicum EO led to the most substantial degradation of the
biofilm. No statistically significant differences were found in M. avium and M. intracellulare
biofilm degradation with H. italicum EO at concentrations of either the MIC and 2 x MIC
(Figure 3a,b). In contrast, the M. gordonae (Figure 3c) biofilm showed statistically significant
biofilm degradation using either the MIC or 2 x MIC of H. italicum EO (p < 0.05). ].
communis EO demonstrated a lower effectiveness on biofilm degradation in all treatments
and no statistically significant differences were found for any of the mycobacteria.

Subinhibitory synergistic concentrations of J. communis and H. italicum EO did not
degrade biofilms of M. gordonae formed on stainless steel discs in STW in a statistically
significant manner (Figure 4c). Furthermore, significant degradation of M. avium biofilm
by J. communis and H. italicum EOs was observed using concentrations of 0.8 mg mL ™!
and/or 0.012 mg mL~! (Figure 4a). Meanwhile, a subinhibitory concentration of H. italicum
EO (1.6 mg mL™!) degraded biofilms formed by M. intracellulare (p < 0.05; Figure 4b).
The combination of subinhibitory concentrations of J. communis and H. italicum EOs had
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a significant effect (p < 0.05) on the degradation of all mycobacteria biofilms formed on

stainless steel discs.
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Figure 2. Checkerboard synergy method for the potential interaction of J. communis and H. italicum
EOs on NTM. MBC—minimal inhibitory concentration; FBC—fractional inhibitory concentration;
FBCj—fractional inhibitory concentration index; CTRL—control; EO—essential oil.
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Figure 3. Effect of the MIC and 2 x MIC in mg mL ! of J. communis and H. italicum EOs on the
degradation of biofilms of M. avium (a), M. intracellulare (b), and M. gordonae (c) formed on stainless
steel (AISI316) discs. Untreated mycobacterial cells served as controls. MIC—minimum inhibitory
concentration; CFU—colony forming unit; JU—]Juniperus communis; HI—Helichrysum italicum. The
experiment was repeated three times in duplicate and the mean + SD is shown. Mean values marked
with an uppercase letter A were significantly different compared to the control group. Mean values
marked with lowercase letter a represent significant differences within different groups of EOs

(p < 0.05).
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3.3. Percentage of Degradation of Mycobacterial Biofilms on Stainless Steel Discs

Table 1 shows the degradation (shown as percentages) of NTM biofilms grown on
stainless steel discs caused by different concentrations of J. communis and H. italicum EOs,
both individually and in combination. H. italicum EO at concentrations of 2 x MIC and
MIC was more effective at degrading biofilms of all three NTMs compared to J. communis
EO. A concentration of 1/256 x MIC (0.012 mg mL~!) of H. italicum EO caused a higher
percentage of M. avium biofilm degradation (87.4%) than the MIC and 1/2 x MIC of |.
communis EO (72.1% and 86.8%). However, subinhibitory concentrations of these EOs
in combination caused a very high percentage of biofilm degradation of selected NTMs
(>98.2%). ]. communis EO at a concentration of 1/2 x MIC, plus H. italicun EO at a
concentration of only 1/256 x MIC (0.012 mg mL~") or 1/512 x MIC (0.006 mg mL 1)
caused a degree of degradation of M. avium biofilm comparable to that of 2 x MIC of J.
communis EO. Subinhibitory concentrations, 1/8 x MIC and 1/2 MIC, of these EOs caused
the degradation of 98.9% and 99.9% of three-day-old biofilms of M. intracellulare and M.
gordonae, respectively.

3.4. Cell Viability of Biofilm on Stainless Steel Discs Treated with Juniperus communis and
Helichrysum italicum Essential Oils

In order to further investigate the anti-biofilm properties of |. communis and H. italicum
EOs, confocal laser scanning microscopy (CLSM) analyses were performed (Figure 5).
Some regions of the biofilm appeared yellow because of overlapping green and red cells.

The CLSM results indicate a strong synergistic effect of J. communis and H. italicum
EOs on biofilm eradication of both bacterial strains. M. intracellulare was more sensitive,
with more total red fluorescence (154.7 AU) than M. avium (137.9 AU). Individual treatment
with H. italicum EO showed a better anti-biofilm effect than that with . communis EO on
both Mycobacterium species, although M. intracellulare was again the more sensitive species.
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Figure 4. Cont.
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Figure 4. Effect of synergistic or additive concentrations of J. communis and H. italicum EOs in mg
mL~" on biofilm degradation of M. avium (a), M. intracellulare (b), and M. gordonae (c) formed on
stainless steel discs. Untreated mycobacterial cells served as controls. MIC—minimum inhibitory
concentration; CFU—colony forming unit; JU—Juniperus communis; Hl—Helichrysum italicum. The
experiment was repeated three times in duplicate and the mean + SD is shown. Mean values marked
with an uppercase letter A were significantly different compared to the control group. Mean values
marked with a lowercase letter a represent significant differences in synergistic and individual groups
of EOs (p < 0.05).

Table 1. Percentage of degradation (%) of mycobacterial biofilms on stainless steel discs after
treatment with J. communis EO and/or H. italicum EOs.

Treatment M. avium M. intracellulare M. gordonae
H. italicum EO (mg mL~?)
6.4 99.9 99.9 99.9
3.2 99.3 98.2 99.6
1.6 ND 96.9 ND
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Table 1. Cont.

Treatment M. avium M. intracellulare M. gordonae
0.8 ND ND 81.0
0.4 ND ND 49.7
0.012 87.4 ND ND
0.006 71.1 52.8 ND

J. communis EO (mg mL~1)

3.2 98.5 94.5 98.2

1.6 72.1 725 83.6

0.8 86.8 57.0 ND

0.2 ND ND 37.2

0.1 ND ND 61.2

H. italicum EO/]. communis EO
(mg mL~1)

0.006/0.8 98.7 ND ND
0.012/0.8 99.4 ND ND
1.6/0.8 ND 99.9 ND
0.006/1.6 ND 98.2 ND
0.4/0.2 ND ND 98.9
0.8/0.1 ND ND 98.6

ND—not determined; EO—essential oil.

control JU H JU + HI

M. avium

M. intracellulare

Figure 5. Live/dead stained images of Mycobacterium biofilms grown on stainless steel discs, performed by confocal laser
scanning microscopy (CLSM) after treatment with J. communis (JU) and/or H. italicum (HI) EOs. M. avium was treated with
JU 0.8 mg mL~'and/or HI 0.012 mg mL~'; M. intracellulare was treated with JU 0.8 mg mL~'and/or HI 1.6 mg mL~!.
Untreated mycobacterial cells served as controls. Performed at 40 x magnification.
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Lower total fluorescence of the M. intracellulare biofilm and a lower number of cells in
the biofilm (Figure 6) may indicate both biofilm destruction and cell detachment due to

EO action.
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Figure 6. Total mean fluorescence measured for propidium iodide and SYTO® 9 stained biofilms of M. avium (a) and
M. intracellulare (b) on stainless steel discs, as visualized with confocal laser scanning microscopy (control, three-day-old
biofilm of M. avium treated for 22 h with 0.8 mg mL =" J. communis EO (JU) and/or 0.012 mg mL~" H. italicum EO (HI),
and three-day-old biofilm of M. intracellulare treated for 22 h with 0.8 mg mL ™! J. communis EO (JU) and/or 1.6 mg mL !
H. italicun EO (HI). The experiment was repeated twice and a minimum of three images were analyzed and the mean
fluorescence £ SD is shown.
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4. Discussion

Moycobacterium avium and other NTMs belong to the specific group of waterborne
microorganisms named opportunistic premise plumbing pathogens, which are normal
inhabitants of premise plumbing systems and can cause infections in immunocompromised
patients [12,40].

Cell wall hydrophobicity and aggregation ability in liquid media are key factors in
their pathogenicity and biofilm formation as well as play a crucial role in NTM resistance
to disinfectants, acidic environments, and high ambient temperatures. The growth of NTM
in the form of biofilms on glass, copper, galvanized steel or plastic results in their resistance
to antimicrobials and disinfectants [41,42].

Due to the extreme resistance of OPPP biofilms including those of NTM, new ap-
proaches or new substances are needed to fight biofilm formation and destruction. Our
previous studies have demonstrated the great potential of EOs as inhibitors of mycobacte-
rial adhesion or biofilm formation on polystyrene as well as inhibitors of adhesion to living
cells (amoebae and HeLa cells) [27,32,33,43]. The EOs of |. communis and H. italicum from
coastal regions of Croatia have been shown to be particularly effective. In this study, we
used commercial EOs produced from the same manufacturer two years apart, and although
deviations in the amount of a-pinene and some other compounds can be seen, all repeated
experiments gave the same MIC concentrations and synergistic effects of combinations of
these two oils. Obviously, the antibacterial effect against NTM is not a result of a single
dominant component, but the effect of the interaction of different components in these
oils [27,32].

Haziri et al. [44] found moderate to high antimicrobial activity of . communis EO
against S. aureus, E. coli, and Hafnia alvei, while P. aeruginosa was shown to be resistant to
this oil. Klan¢nik et al. [24] analyzed the effect of J. communis EO on the adhesion of C.
jejuni to AISI 304 stainless steel. They reported that the adhesion of C. jejuni to AISI 304
under the influence of J. communis EO was reduced by more than 90%.

Monoterpenes, « and S-pinene, sabinene, and B-myrcene, together make up at least a
quarter, and sometimes more than two-thirds of the chemical composition of J. communis
and H. italicum EO, with the remainder consisting of sesquiterpenes, primarily y-curcumene
and neryl acetate. However, when we tested a-pinene as an individual compound against
M. avium and M. intracellulare, its MIC /MBC/MIC values were three times higher than
those of the J. communis EO and twice as high as those of the H. italicum EO [27]. In an
experiment with M. gordonae, a-pinene had the same MIC value as J. communis EO, however,
the MBC and MIC values were two and three times higher, respectively. We could assume
that the antimycobacterial activity of J. communis EO and H. italicum EO can be attributed
to a-pinene, but it is more likely that it could be due to the synergistic activity of several
major compounds within these EOs.

M. avium, M. intracellulare, and M. gordonae demonstrated an abundant biofilm forming
ability on stainless steel in STW. In our previous study, M. avium and M. intracellulare formed
biofilms on polystyrene, but the number of bacteria was lower by two logarithmic units
than in this study [32]. M. avium produced larger volume biofilms than M. intracellulare,
which coincides with data from research studies [4]. The highest degree of adhesion of M.
avium was observed on galvanized stainless steel, followed by stainless steel, polyvinyl
chloride, glass, and copper. Factors enhancing the adhesion of M. avium to the surface are
the roughness and hydrophobicity of the substrate as well as the presence of zinc, calcium,
and magnesium [41]. Fast-growing and saprophytic species of M. chelonae, M. fortuitum, M.
gordonae, and M. tarrae were identified in 90% of the polymicrobial biofilms found in the
water supply systems of households and water treatment plants. In polymicrobial biofilms,
M. avium, M. intracellulare, and M. xenopi, are predominantly present on faucets and shower
heads [14]. It has been observed that Methylobacterium spp., like M. avium, rapidly forms a
biofilm of a characteristic pink color in water supply systems [45].

Esteban et al. [46] studied biofilm formation by unpigmented fast-growing mycobac-
teria on a plastic surface in three different media. Biofilm formation was monitored at
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room temperature in Middlebrook 7H9S, STW, and phosphate buffered saline with 5%
glucose (PBS 5% GLU). All the examined/analyzed species showed a sigmoid growth
curve in 7H9S and STW. In 7H9, they initially had a characteristic lacy growth pattern with
a delicate reticulate structure, which was then firmly formed and covered the entire surface
by the 28th day of incubation. In STW, they showed the same growth pattern, but the fully
developed biofilm was formed only on day 63, while in PBS 5% GLU, they did not manage
to cover the entire surface within 69 days. It has long been known that low-nutrient media
reduce the amount of biofilm produced by slow-growing NTMs [45]. However, in a study
by Esteban et al. [46], STW was observed to be a better biofilm development medium than
PBS 5% GLU. The authors concluded that such behavior may be due to a multitude of
chemicals present at low levels in STW, serving as nutrients for mycobacteria. Ambient
temperature was recognized as another important factor affecting biofilm development.
Incubation of cultures was performed at room temperature, naturally present in the en-
vironment [46]. Our study into the effects of temperature on the mycobacterial biofilm
formation revealed a temperature of 25 °C to be the most favorable for biofilm formation.
At this temperature, ]. communis EO showed the weakest anti-adhesion and antibiofilm
activity against NTM on polystyrene [33].

M. gordonae is a saprophytic, environmental NTM. According to our study, M. gordonae
on stainless steel AISI 316 in STW, after 72 hours, produced a significantly larger volume
biofilm than M. avium and M. intracellulare, which confirmed previous observations found
in scientific papers of a significant presence of M. gordonae in the biofilm on metal surfaces
of water supply systems [13]. NTMs in the aqueous medium showed greater sensitivity
to the action of |. communis EO and H. italicum EO, than was observed in the nutritive
liquid medium 7HO9S [27]. The reason for this may be that nutrient-rich broth stimulates
the multiplication of mycobacteria, which makes them more sensitive to the effect of
EOs, or it could be due to the greater solubility of EOs in this nutrient-rich medium. In
contrast, an aqueous medium slows down the multiplication of mycobacteria and promotes
their resistance.

The degradation of three-day biofilms of M. avium, M. intracellulare, and M. gordonae
on AISI 316 was most strongly affected by H. italicum EO at a concentration of 2 x MIC.
The greatest degree of degradation of biofilm, at this concentration of H. italicum EO, was
observed in M. gordonae, followed by M. avium, whereas the most resistant was the biofilm
of M. intracellulare. Thus, in studies conducted with M. gordonae and M. avium, we revealed
its exceptional ability to form a biofilm. However, the biofilm of M. gordonae, in contrast to
the biofilm of M. avium and M. intracellulare, is more sensitive to degradation caused by H.
italicum and |. communis EO activity.

Increased resistance of M. avium biofilm was observed by Carter et al. [47] who recently
reported that clarithromycin could inhibit M. avium if administered before the formation of
a biofilm in the respiratory system and becomes ineffective after the formation of a biofilm
by this mycobacterium. Due to the altered M. avium phenotype in the biofilm, its response
to antimicrobial therapy is limited, which is a key problem in the treatment of pulmonary
mycobacteriosis caused by this mycobacterium [48]. The most likely explanation for the
synergistic action of the EOs is that compounds from each EO have a different target site,
combined with improved diffusion and distribution of each EO and components in the
bacterial cell, inhibition of common biochemical pathway, inhibition of protective enzymes,
and action on the specific resistance mechanism [20,49].

5. Conclusions

Our study showed that the tested EOs, when used at subinhibitory synergistic con-
centrations, had a greater effect on the degradation of mycobacterial biofilms grown on
stainless steel than when they were applied individually at inhibitory concentrations. This
allowed for the application of low non-toxic concentrations in biofilm eradication. Synergis-
tic combinations of . communis and H. italicum EOs could therefore potentially be applied
in new ways to prevent the adhesion and biofilm formation of NTM, not only in the water
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supply system as a reservoir of NTM and a source of human infections, but also on artificial
materials used in medicine or in the case of infections associated with biofilm formation.
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Abstract: In recent years, liposomes have gained increasing attention for their potential applications
as drug delivery systems in the pharmaceutic, cosmetic and food industries. However, they have a
tendency to aggregate and are sensitive to degradation caused by several factors, which may limit
their effectiveness. A promising approach to improve liposomal stability is to modify liposomal
surfaces by forming polymeric layers. Among natural polymers, chitosan has received great interest
due to its biocompatibility and biodegradability. This review discussed the characteristics of this
combined system, called chitosomes, in comparison to those of conventional liposomes. The coating
of liposomes with chitosan or its derivatives improved liposome stability, provided sustained drug
release and increased drug penetration across mucus layers. The mechanisms behind these results
are highlighted in this paper. Alternative assembly of polyelectrolytes using alginate, sodium
hyaluronate, or pectin with chitosan could further improve the liposomal characteristics. Chitosomal
encapsulation could also ensure targeted delivery and boost the antimicrobial efficacy of essential oils
(EOs). Moreover, chitosomes could be an efficient tool to overcome the major drawbacks related to
the chemical properties of EOs (low water solubility, sensitivity to oxygen, light, heat, and humidity)
and their poor bioavailability. Overall, chitosomes could be considered as a promising strategy to
enlarge the use of liposomes.

Keywords: chitosan; coating; essential oils; liposomes; mechanism; polyelectrolyte

1. Introduction

Liposomes are spherical vesicles comprising a central aqueous compartment sur-
rounded by a membrane constituted mainly of phospholipids and cholesterol in some
cases. They are biocompatible, biodegradable, non-immunogenic and non-toxic [1]. In
their original form, liposomes have a tendency to aggregate and fuse, which leads to drug
leakage during storage [2]. This poor stability in an aqueous medium has major conse-
quences on their shelf life [3]. The pH, bile salts and enzymes in the gastrointestinal (GI)
tract can destabilize the liposome membrane [4]. In fact, the acidic pH of the stomach and
the lipases hydrolyze the ester bonds of phospholipids that form liposomes. The bile salts
act as surfactants leading to liposome membrane solubilization [5]. Liposomes are also
prone to rapid elimination from the circulation system after intravenous injection [6]. In
order to overcome these problems, covering the liposome’s surface with polymers has been
developed. The coating of liposomes with polyethylene glycol (PEG) reduced their uptake
by the mononuclear phagocyte system, resulting in a prolonged blood circulation time of
liposomes [7]. The surface modification of liposomes with PEG can be achieved by physi-
cally adsorbing the polymer onto the surface of vesicles, by anchoring the polymer in the
liposomal membrane via a cross-linked lipid, such as distearoylphosphatidylethanolamine
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(DSPE) during liposome preparation, or by covalently attaching reactive groups onto the
surface of preformed liposomes [7]. Stealth liposomes provided delayed and targeted
drug delivery, enhancing the effectiveness of the transported drug and reducing its side
effects [8]. PEGylated liposomes have reached clinical usage, such as DOXIL®, originally
developed by Sequus Pharmaceuticals in 1995, for the intravenous administration of the
anticancer drug doxorubicin for the management of advanced ovarian cancer, multiple
myeloma and Kaposi’s sarcoma [9].

The use of natural polymers received increasing attention, particularly chitosan,
which is isolated from crustacean exoskeletons, squid pen and fungi. Chitosan, a lin-
ear cationic polysaccharide composed of (3-(1,4)-linked-2-amino-2-deoxy-D-glucopyranose
(glucosamine) and 2-acetamido-2-deoxy-D-glucopyranose (N-acetylglucosamine), is ob-
tained by alkaline or enzymatic deacetylation of chitin [10]. The chitin and chitosan
structures are presented in Figure 1.

CHy

i CHOH

Chitin CH! OMO g
:< CH,OH

deauetyla(lon

CH,0H

0
Chitosan CH,OH

NH2

()
CH,OH

Figure 1. Chitosan product from chitin deacetylation.

The degree of deacetylation (DD) is defined as the glucosamine/N-acetylglucosamine
ratio; in other words, DD is the percentage of glucosamine units present in the copolymer
chain. Chitosan is soluble in an acidic aqueous medium. Under acidic pH, the amino
groups in the chitosan chain become protonated, and the polymer dissolves in aqueous
media. Its solubility is related to the DD, molecular weight (MW) and distribution of the
acetyl and amino groups along the chain [11]. For example, the increase in chitosan MW
from 5 to 50 kDa led to a significant decrease in chitosan aqueous solubility from 123.2
to 0.4 mg/mL [12]. Solubility at neutral pH has been claimed for chitosan with a DD of
around 50% [13]. For very high DD (>75%), protonated charge condensation occurs in
the chitosan solution due to large charge density, which leads to electrostatic repulsion
and high solubility [14]. Indeed, the degree of deacetylation showed a great effect on pKa
values, which were increased from 6.17 to 6.51, with the degree of deacetylation decreasing
from 94.6 to 73.3% [11]. The distribution of acetyl groups along the chain may influence the
solubility of the polymer and also the inter-chain interactions due to the hydrogen bonds
and the hydrophobic character of the acetyl group [13].

Chitosan has been considered as a biomaterial for drug delivery systems, as it pos-
sesses low toxicity, high biocompatibility [15], and in vivo biodegradability via lysozymes
and human chitinases [16]. In addition, it exhibits numerous biological activities, including
mucoadhesive [17], antioxidant [18], antimicrobial activity against Gram-positive and
Gram-negative bacteria [19], wound healing capacity [20], and the in vitro and in vivo
ability to complex genetic material [21]. Thus, a great interest has been shown for its
applications in areas such as hematology, immunology, wound healing, drug delivery, food
packaging and cosmetics.

On the other hand, the chitosan structure can be modified through its amino and
hydroxyl groups. The preparation of chitosan derivatives has been carried out to improve
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chitosan properties, including solubility and bring new functional properties and promising
applications. The aim of the chemical modifications of chitosan and the resulted structures
used in the liposome coating are presented in Table 1.

Table 1. Chemical structures of chitosan and its derivatives and role of chitosan modification in liposome coating.

Chitosan . Aim of Chitosan
Derivatives Chemical Structure Derivatization Ref
Chitosan N " “ - Improve chltosan [22]
' N y properties
c“zo(‘”:(()‘“lo” - Target acidic tumor
0 . .
Glycol chitosan OH ) Ilt;croenvuor.lment [23]
o prove anticancer
NH, drug efficacy
HO. NH. CHOH CHy
0. °H o ° "
CH;OHO O- o
! ° - Provide the
Methylated N-(4-N,N- e hydrophobic moiety to
dimethylaminobenzyl) yarop ty
chitosan @ hod HEPWZOVE the [24,25]
b He—") ~ci, ydrophobic interaction
(TMBz-chitosan) cHy with the cell membrane
The methylation could also occur at the primary
amino group of chitosan
CH,OH
0 0
o - Improve the liposome
N-dodecyl chitosan © NH stablhty by ane horing [26]
L the liposome bilayer by
Qo the long alkyl chain
("IL
H,0H
N-[(2-hydroxy-3- o P
trimethylamine) propyl] HO NH Oy CHaCT
chitosan chloride | [,
(HPTMA-chitosan) CHGHCH— e
OH CHy
. - Improve the stability of
CH;CT .
o I coated liposomes [26]
N-dodecyl-chitosan N-[(2- recHamTCn - Increase chitosan
hydroxy-3-trimethylamine) —o ot o M O/CH“ solubility
propyllchloride o 0%
(N-dodecyl-chitosan- E’: CH0H
HPTMA) l‘bl;z)lo
i,
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Table 1. Cont.

Chitosan
Derivatives

Chemical Structure

Aim of Chitosan
Derivatization

Ref

N-trimethyl chitosan

- Improve chitosan
solubility over a wide
pH range
- Improve liposomal
stability

[27,28]

PEGylated
octadecyl-quaternized
lysine modified chitosan

“H,0H
e o
0.
HO :

N CHy
¢=o0 i (CHy)y

CH—NH—CHy—C—CHy—N"—CH;CT

| |
(S OH CH;

NH,

- Provide amphiphilic
character and steric
stabilizations

[22]

Pelargonic chitosan (n=7)

Lauric chitosan (n=10)

) “H,0H NH,
o © Ho 0
o
HO

o
\‘H CH,OH
c=0
(CHyn

CH;

- Coat positively charged
liposomes with
mucoadhesive

properties.

- The side groups
introduced into the
polysaccharide chains
provide additional steric
stabilization for
liposomes in solutions

[29]

Thioglycolic acid chitosan
(TGA-chitosan)

CH,OH

- Improve the
mucoadhesive property
and enhance oral
bioavailability of
peptides

[30]

Thioglycolic acid
6-mercaptonicotinamide-
conjugate chitosan
(TGA-MNA-chitosan)

CONH,

- Thioglycolic acid
chitosan was S-protected
via conjugation with
6,6'-dithionicotinamide
resulting in a derivative
being less prone to
oxidation and exhibiting
higher mucoadhesive
properties

[30]
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Chitosan has been known to coat the surface of negatively charged liposomes due to
electrostatic interactions between negatively charged phospholipids and positive charges of
primary amino groups of chitosan [31]. Other mechanisms, such as hydrogen bonding be-
tween the polysaccharide and the phospholipid head groups, can also be implicated in the
chitosan coating process [32]. Figure 2 illustrates the combined system named chitosome.

This review is focused on the effect of chitosan coating on liposomal characteristics.
The method used to prepare drug-loaded chitosomes is presented. Conventional liposomes,
chitosan- and modified chitosan-coated liposomes are compared for their characteristics,
including particle size, zeta potential, polydispersity index (pdI), morphology, encapsu-
lation efficiency (EE), stability, drug release, pharmacokinetics and pharmacodynamics.
Literature data concerning the comparison between both systems are resumed into different
tables (Tables 2-12). Mechanisms controlling vesicle stability, drug release and mucoad-
hesivity are also highlighted in this paper. In addition, a section deals with a multilayer
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coating of polyelectrolytes using alginate, sodium hyaluronate or pectin with chitosan on
the liposome surface. The last section is dedicated to chitosomal encapsulation of essential
oils (EOs) and its perspectives for the clinical development of novel therapeutic agents
with increased stability and prolonged release.

Figure 2. Schematic representation of drug-loaded chitosomes.

2. Chitosomes Preparation Method

Chitosan-coated liposomes are being prepared by a dropwise addition of a defined
volume of chitosan solution to the same volume of liposome suspension and kept under
stirring for 1 or 2 h. Chitosan should be dissolved either in acetic acid solution adjusted
to pH 4-5, hydrogen chloride (HCI) solution or phosphate-buffered saline (PBS) buffer
(pH 7.4), and incubated overnight at room temperature [33-35].

3. Comparison between Conventional Liposomes and Chitosomes

A comparison between chitosan- or chitosan derivative-coated liposomes and con-
ventional liposomes encapsulating various drugs is detailed below. Tables 2-5 summarize
the characteristics of conventional liposomes and chitosomes loading natural bioactive
molecules (plant extracts, EOs, vitamins), antimicrobials, drugs of different classes (anti-
cancer, anti-inflammatory, anesthetic, anti-histaminic, diuretic and immunosuppressive),
macromolecules (proteins, deoxyribonucleic acid (DNA)) and active peptides, respectively.
Chitosan coating effect is discussed in the following paragraphs regarding the particles
size, zeta potential, pdl, morphology, EE, stability, drug release, pharmacokinetics and
pharmacodynamics behavior of drugs.

3.1. Particles Size

In contrast to a single previous study focusing on the encapsulation of EOs in lipid
vesicles and where liposomes of micrometric size were obtained [36], the coating of lipo-
somes with chitosan produced an increase in liposome size (Tables 2-5). The increase was
probably due to the bridging between chitosan and liposomes [37,38]. Liposome size de-
pends on chitosan concentration. The particle size of polymer-coated liposomes increased
with increasing chitosan concentration from 0.05 to 1.2% (w/v), forming thicker coating
layers with a higher concentration of chitosan [4,5,12,28,35,38—44,46,47]. However, exten-
sive aggregation occurred at low chitosan concentration ranging from 0.025 to 0.2% (w/v)
regarding phospholipid concentration [48,49]. When liposome surfaces are not saturated
with chitosan, liposomes associate with each other due to charge neutralization as surface
charge consists of both partially negative and positive charges. Moreover, when there
is excess chitosan, bridging flocculation caused by the interaction between the extended
chitosan segments on the liposome surfaces will lead to particle-polymer—particle bridges.
Hence, the stability of chitosomes relies on a sufficient chitosan concentration [49].

Additionally, the effect of different chitosan MW (65, 140, 680, 1000 kDa) on the
size of insulin-loaded liposomes was investigated, and no significant differences were
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observed [38]. However, chitosomes prepared with trimethyl chitosan of high MW (HMW
of 450 kDa) exhibited greater mean size than those prepared with low MW (LMW of
100 kDa), which can be explained by the presence of long-chain molecules of trimethyl
chitosan leading to high viscosity and more adsorbed polymer [28].

Moreover, the composition of lipid vesicles, especially the phospholipid type used,
may also affect the chitosome size. Conventional liposomes composed of Epikuron 170 have
a smaller size than those composed of Epikuron 200. Liposomes obtained from Epikuron
170 composed of 70% phosphatidylcholine, 10% phosphatidylethanolamine, 3% phos-
phatidylinositol, 3% phosphatidic acid and 4% lysophosphatidylcholine absorbed more chi-
tosan than those prepared with Epikuron 200 composed of 92% phosphatidylcholine and 3%
lysophosphatidylcholine [40]. In addition, the size of uncharged liposome types tested (egg
phosphatidylcholine (EPC) and distearoylphatidylcholine (DSPC)) is minimally affected
by chitosan compared to negatively charged vesicles (EPC/phosphatidylglycerol (PG) and
DSPC/PG) that become substantially larger as the chitosan/lipid ratio increases [32].

The liposome preparation method could affect chitosome size. Chitosomes loading
curcumin prepared by ethanol injection method (EIM) were slightly larger than those
prepared by thin-film hydration method (TFH) for the entire chitosan concentration range
(0.1 to 0.5%) [43].

3.2. Zeta Potential

Several studies have investigated the effect of chitosan or chitosan derivatives on the
Zeta potential values of the liposomes. The presence of polymer coating on the liposome
surface is confirmed by the inversion of the Zeta potential from negative to positive values
between uncoated and coated systems (Tables 2-5). Since chitosan carried a high positive
charge, the adsorption of chitosan increased the density of positive charge and made the
Zeta potential positive [4,36,42,50].

Moreover, Zeta potential values increased when the chitosan concentration increased
from 0.1 to 0.3% (w/v), then it reached a relatively constant value, indicating the saturated
adsorption of chitosan to liposomes [12,28,35,40,42,47-49,51-53]. It is important to mention
that the modification of the surface of the liposome by another polymer, such as PEG, also
changes the Zeta potential by varying polymer to lipid ratio from 1 to 10%(w/w) depending
on the experimental protocol used based on a supercritical CO, assisted process. In the
first method, the PEG dissolved in water was premixed in an ethanolic lipid solution
(ethanol/water ratio 80/20 (v/v)), and the final solution was fed to supercritical assisted
apparatus, while in the second method, PEG was dissolved in a separate aqueous solution
and the two feeding solutions (aqueous and lipidic) were fed separately to the process. The
authors explained the variations of Zeta potential between the two experimental protocols
by the fact that PEG exhibits a better coverage of the liposome surface using the first
method, which allows the addition of different amounts of PEG, resulting in a variety of
surface charge [8].

It should be noted that the DD plays an important role in the effect of different chitosan
MW on the zeta potential of the liposomes. The DD (85%) of HMW of chitosan (150 kDa)
was slightly higher (80%) than that of LMW of chitosan (22 kDa), the number of protonated
amine groups on HMW chitosan was higher than that on LMW chitosan, resulting in high
positive zeta potential value [54].

3.3. Homogeneity

Although chitosan coating broadened the mean vesicle diameter [49], the pdI values re-
mained below or close to 0.5, indicating an acceptable degree of polydispersity (Tables 2-5).
The pdI values of chitosomes loading curcumin prepared by EIM were smaller than those
prepared by TFH for the entire chitosan concentration range (0 to 0.5%) [43].
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3.4. Morphology

Transmission electron microscopy was used to visualize conventional liposomes and chi-
tosomes. Both systems were spherical. The existence of chitosan surrounding the liposomes
has been well visualized on chitosomes surface [15,33,37,40,43,44,47,51,52,55,56]. No signifi-
cant morphological differences, except size, between liposomes with or without chitosan
coating were observed [35,44,55]. This was explained by strong adsorption between the
polymer and the liposomal bilayer [35]. However, some aggregations were observed after
coating [44,46,55,57].

3.5. Encapsulation Efficiency

Drug EE is calculated as the ratio of drug content within the liposomes to the total drug
content of the suspension. The comparison of EE values between drug-loaded liposomes
and chitosomes is discussed in this section and presented in Tables 2-5.

Different results were obtained in the literature concerning the chitosan coating effect
on drug EE in liposomes. This discrepancy may be due to drug physicochemical prop-
erties (solubility, partition coefficient, ionization), its location in vesicles and orientation
inside the liposomal membrane, as well as the medium pH. For example, many studies
demonstrated that chitosan coating decreased the EE of drugs, mostly having positive
charges at pH range between 4 and 7.4 compared to uncoated liposomes as presented in
Tables 2-5 [5,34,35,37,38,40,42,48,56-59]. It was explained as a consequence of positively
charged chitosan and positively charged drug competing for the negatively charged phos-
pholipids [34,37,40,48].

However, other studies showed an increase in the EE of other drugs in the presence
of chitosan at a pH range between 4 and 7.4 [4,32,43,44,49,55,60-63]. This may be due to
the surface properties following the addition of chitosan during preparation which created
the ionic interaction between positive chitosan and negative drug in solution producing
high drug loading [4,55,60,61]. In addition, the coating enlarged EE, probably due to
polyphenols interaction with chitosan [62]. Conceivably, the chitosan layer prevented
carotenoid or curcumin leakage from the bilayer core [44,64].

The drug EE in chitosomes may also be affected by chitosan concentration, chitosan
MW and liposomal preparation method. A further increase in chitosan concentration
resulted in a non-significant change in drug EE [37,41]. This may be explained by the fact
that the adsorptive layer has already been formed, and thus chitosan surrounds liposomes
from the outside [37,40,41]. In addition, insulin EE in chitosomes was slightly increased
with an increase in chitosan MW from 65 to 1000 kDa [38]. Curcumin EE in liposomes
prepared by EIM (54.7%) was higher than that obtained in the liposomes prepared by TFH
(42.6%) under the same conditions [43].

3.6. Chitosomes Stability

This section is dedicated to literature data related to the stability of conventional
liposomes and chitosomes (in suspensions or dried forms) over time under various condi-
tions, such as storage temperature, chitosan concentration and medium composition. The
mechanism controlling vesicle stability in the presence of chitosan is explained below.
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3.6.1. Physical Stability: Mechanism Controlled by Chitosan Concentration

Stability studies were conducted to compare the size, homogeneity, zeta potential
and drug EE for both conventional liposomes and chitosomes in aqueous suspension.
Many studies (Table 6) reported similar stability for both systems without significant
changes in their physicochemical characteristics. By comparing the liposomal composition,
the presence of saturated phospholipids [12,73,76] and the addition of cholesterol (40%
mol) lead to a decrease in both bilayer hydration and effective size of the polar head
group. Subsequently, bilayer defects are reduced, enhancing lateral packing of acyl chains,
lowering thereby the leakage of liposomal contents and increasing liposomal stability. This
could explain the similar stability for both systems.

However, other studies found that chitosan coating improved liposomes stability
(Table 6). This is ascribed to the presence of a chitosan layer forming a wall that hinders
swelling and release of encapsulated materials [5]. Second, electrostatic interaction and a
weak hydrophobic force between chitosan and lipid bilayer suppressed lipid molecules
mobility and kept the structural integrity of lipid membranes [44]. Moreover, the presence
of surfactants like sodium oleate, dihexadecylphosphate, dicetylphosphate (DCP) or tween-
80 in some studies (Table 6) can explain the decrease in the liposomal stability because
surfactants increase the bilayer deformability.

It is worthy to note that chitosan concentration seems to be the main factor controlling
liposomal stability. Increasing chitosan concentration led to an increase in liposomal stabil-
ity [5,44]. However, an excess of chitosan may promote the flocculation and coagulation
process of the liposomes [42,45,49]. A proposed mechanism (Figure 3) explained the chi-
tosomal stability controlled by the so-called chitosan saturation concentration, which is
the minimum polymer concentration required to cover the oppositely charged particles.
According to Laye’s explanation [3], the addition of chitosan to the liposomes below and
above the saturation concentration can both lead to liposomal dispersions destabilization.
At insufficient polymer concentrations, the anionic phospholipid molecules of liposomes
may be bounded to the cationic chitosan molecules to form coacervates rather than chi-
tosan molecules wrapping themselves around the liposome surface. At excess polymer
concentrations, the exclusion of polymer molecules from a narrow region surrounding the
particle surfaces generates an attractive force strong enough to overcome the intermolecular
repulsive forces and to bring the particles together, making the liposomes susceptible to
bridging flocculation [3].

Liposome Coacervation Stable chitosome Depletion flocculation

Chitosan concentration

Figure 3. Proposed mechanism of liposome stability controlled by chitosan concentration.

The storage temperature influenced vesicle stability. Low-temperature achieved better
stability for both systems. This could be explained by the low permeability of coating
layers at refrigeration temperature, the inhibition of aggregation (low molecular mobility)
and the retardation of oxidative degradation of unsaturated fatty acids of phospholipid
bilayers [5,12,48,49].

Physical stability of liposomes was also evaluated by measuring particle size change
after freeze-drying followed by rehydration (FD-RH) (Table 6). Chitosan improved the
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stability by protecting the liposomes against severe physical stress (—70 °C) [35,49]. Using
chitosan as a cryoprotectant, along with surface coating, liposomes could achieve better
stability and the desired physicochemical characteristics for a prolonged duration.

Modified chitosan effect on the stability of the liposomes was investigated. The side
groups introduced into the polysaccharide chains play an important role in stabilizing the
liposomes [26,29], as reported in Table 6.

3.6.2. Mechanism Controlled by Medium Composition

Lecithin includes unsaturated double bonds, which are prone to oxidation, thus con-
tributing to the instability of the liposomal lipid bilayers. Transition metals, such as ferrous
iron, can induce oxidation in liposomes by interacting with residual lipid hydroperoxides
to produce free reactive radicals [77]. The stability of liposomes and chitosomes were tested
in the presence of ferrous iron in order to determine the lipid hydroperoxides formation.
Being a specific volatile oxidation product of polyunsaturated fatty acids like linoleic acid,
hexanal determined by gas chromatography was also used as lipid oxidation indicator.
Results showed that uncoated liposomes were highly prone to lipid oxidation since the
formation of hexanal and lipid hydroperoxides occurred rapidly. However, chitosan coat-
ing inhibited lipid oxidation, hence improving the oxidative stability to some extent due
to its ability to repel pro-oxidants metals from the liposome surface [68,69]. In addition,
the combination of antioxidants, such as rosmarinic acid and chitosan coating, resulted in
greater inhibition of lipid oxidation in liposomes [69].

Moreover, measurement of malonaldehyde (MDA), an oxidation product of phospho-
lipids, can give useful information regarding the stability of liposomes/chitosomes. The
release of MDA was lower in the case of chitosomes encapsulating Chrysanthemum EO vs.
noncoated liposomes [78]. It has been demonstrated that a chitosan coating was able to
protect phospholipid membranes from oxidation during different temperature storage; still,
the increase of storage temperature increased the speed of phospholipids oxidation [78]

Furthermore, conventional liposomes are sensitive to damage caused by harsh chemi-
cal and enzymatic GI environments, resulting in reduced oral bioavailability [5]. Chitosan’s
effect on liposome stability in simulated gastric (SGF) and intestinal (SIF) fluid is presented
in Table 6. The chitosan layer improved liposomes stability in SGF [5,74], explained by en-
hanced interactions between chitosan and liposome surface under low pH in SGF (pH 1.2)
due to amino groups protonation in chitosan (pKa 6.5). The molecular configuration of
chitosan also became more expanded, leading to a stronger affinity for the liposome surface.
However, chitosomes were less stable than liposomes in SIF (pH 6.8) [5,59] due to a de-
crease in the number of charged cationic groups in chitosan at the medium pH, resulting in
weaker electrostatic interactions between chitosan and liposomes surface, thus an increase
in the diameter of the liposome. Moreover, SIF constituents, such as bile salts, act as surfac-
tants promoting lipid solubilization for conventional liposomes and chitosomes. Pancreatic
lipases have a digestive action on phospholipids, also contributing to destabilization of the
liposomal system [5].
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3.7. Drug Release

Studies were conducted to compare the drug release rate from conventional liposomes
and chitosomes. In vitro drug release from both systems was generally performed in PBS
at pH 7.4 and 37 °C by dialysis technique. Both liposomes and chitosomes showed a
two-stage profile release, an initial rapid release followed by a sustained release. The
initial burst drug release can be attributed to the immediate release of surface-associated
drugs. The sustained release of encapsulated drug results from drug diffusion from
lipid bilayer and the adhesive chitosan layer for chitosomes [29,55,56,60]. Liposomes
coated with chitosan [12,34,35,47,48,55,56,60,74,79] or modified chitosan [22,29] released
the drug in a retarded and slower manner compared to noncoated liposomes. This was
attributed to the existence of the chitosan layer, which delayed the drug diffusion into the
medium [34,35,47,55,56,60].

In fact, the biphasic pattern of drug release is also obtained in simulated GI fluid. The
deposition of chitosan on the liposome surface displayed a lower level of drug release in
both SGF and SIF compared to uncoated liposomes [5,44,49,58]. Several factors controlled
the drug release rate, especially the medium composition, polymer ionization and dissolu-
tion in the medium and drug ionization depending on the medium pH and the pKa value
of the drug. For example, the drug release rate from both systems was enhanced in SIF
relatively to SGF due to the decrease in the protonation of amino groups of chitosan in a
high-pH medium [5,44,49]. This confirmed the mechanism by which the medium composi-
tion affects the vesicle stability described previously (Section 3.6.2 mechanism controlled
by medium composition) and subsequently the drug release rate. Otherwise, the aqueous
solubility of chitosan and its derivatives depends on the pH of the buffer solution. Since
the octadecyl-quaternized lysine-modified chitosan derivative is much easier dissolved in
acidic solution [22], the calcein release rate from octadecyl-quaternized lysine-modified
chitosomes is higher at low pH 5.7 (90% after 14 h) than that at pH 8 (70%). In addition,
due to the dissolution of N-trimethyl chitosan chloride in water, and a relatively weak
electrostatic interaction between liposome and polymers, a similar curcumin release profile
was demonstrated between uncoated and N-trimethyl chitosan-coated liposomes [27].

Moreover, the in vitro release data of grape-seed polyphenols performed in acetate
buffer at pH 3.8 at 25 °C [62], quercetin performed in acetate buffer at pH 5.5 and PBS
pH 7.4 [80], and curcumin in PBS pH 7 at 23 °C and 60 °C [66] from the liposomes and
chitosomes were analyzed using various mathematical models, including the zero-order
equation, first-order, Baker-Lonsdale, Higuchi, Hixson-Crowell or Korsmeyer-Peppas
models to determine the kinetics and the mechanism of drug release from different for-
mulations. The regression analysis was performed, and the model that best fit the release
data was chosen on the basis of the highest correlation coefficient R2[62,80]. The models of
controlled release mechanisms for the liposomes coated with chitosan are in agreement
with the release behavior of uncoated liposomes. The Korsmeyer-Peppas model was
reported as the optimal model for the different formulations containing quercetin [80]. In
contrast, the coefficients of correlation were equal for both Higuchi and Peppas equations
(R? = 0.972) for uncoated and chitosan-coated liposomal formulations containing grape-
seed polyphenols [62]. In addition, the release of curcumin from liposomes and chitosomes
mostly followed the Higuchi model at 23 °C and the Peppas model at 60 °C [66]. It is
important to mention that both Higuchi and Peppas equations indicate a diffusion-driven
release of drugs from uncoated and coated liposomes. In addition, the diffusional exponent
n determined from Korsmeyer-Peppas model indicates the mechanism of drug release,
where a value of n equal 0.45 (or 0.5 in some studies [62]), indicates a Fickian diffusion,
while a value of 1 between 0.45 and 0.89 indicates a non-Fickian (anomalous) release,
which refers to a combination of both diffusion and erosion of the polymeric chain. When
n > 0.89, the release by the erosion of polymeric chain is the major mechanism [80]. The
diffusional exponent n was 0.74 and 0.61 for uncoated and chitosan-coated liposomes
loading quercetin, respectively [80], and in the range of 0.64 and 0.81 for both systems
loading curcumin at both temperatures (23 and 60 °C) [66], indicating an anomalous re-
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lease of quercetin [80] and curcumin [66]. However, a Fickian diffusion was reported for
polyphenols from chitosomes (1 = 0.502), while an anomalous transport from uncoated
liposomes (1 = 0.518) [62]. When an ionic polymer, such as positively charged chitosan,
interacts with a released compound having an opposite charge, such as gallic acid, this
results in retention via ionic bonds. This can be the reason for the difference in the release
behavior of coated and uncoated liposomes [62].

Other factors, such as polymer concentration, chitosan MW and temperature, also
influenced the drug release behavior. Increasing the concentration of chitosan from 0.1
to 0.6% w/v [5,17,37] or modified chitosan from 0.05 to 0.4% [22] resulted in a decrease in
drug release percentage compared to uncoated liposomes. The thicker coatings (0.3 and
0.6% w/v) cause an obstacle for drug release [17]. It was also demonstrated that the drug
release rate was not affected when chitosan content reaches saturation. Thus, no significant
difference in lidocaine release profile was obtained from 0.3 and 0.5% w/v chitosan-coated
elastic liposomes [48].

Additionally, a high MW of chitosan-coated liposomes showed a slower release rate
of cyclosporine A than that obtained with a low MW of chitosan-coated liposomes [79] as a
stronger outer coating membrane forms with a high MW of polymers.

Another factor influencing the release was the temperature. Temperature increase from
23 to 60 °C resulted in a fast curcumin release rate from both curcumin-loaded liposomes
and chitosomes with a low release rate obtained in chitosomes at tested temperatures [66].

3.8. Pharmacokinetic Studies: Conventional Liposomes and Chitosomes

The pharmacokinetic parameters (Tmax, Cmax, AUC, Ty ) of many drugs obtained
by in vivo studies were improved for chitosan-coated liposomes compared to free drug or
drug-loaded conventional liposomes (Table 7). Chitosomes showed the greatest absorption,
the slowest elimination, longer retention time, and enhanced bioavailability compared to
drug-loaded liposomes.
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3.9. Pharmacodynamics: Conventional Liposomes and Chitosomes

In the section below, the in vitro and in vivo biological effects of drug- or EO-loaded
chitosomes and liposomes are reported (Tables 8-12). Chitosan-coating of liposomes im-
proved numerous biological activities, including antimicrobial activity, mucoadhesive
property, cytotoxic effect against cancer cell lines, anti-inflammatory, analgesic and sup-
pression of gene expression.

3.9.1. Antimicrobial Property

Although humans developed medications for many contagious diseases, the antimicro-
bial and antiviral activities of synthetic and natural substances still attract much attention.
In the area of antibiotic resistance, new antimicrobials are highly desired but not easy to
obtain. Therefore, efforts are undertaken to increase or tailor antimicrobial activity by
formulations. The antimicrobial properties of chitosan alone or blended with other natural
polymers are well-known. Its activity against Gram-positive and Gram-negative bacteria
results from the polycationic structure of chitosan [19]. In addition, chitosomes, even non-
loaded with any drug, can exert antimicrobial activity, which was proven for Staphylococcus
epidermidis and Staphylococcus aureus. The activity was dependent on the type of bacteria
and the formulation, and S. epidermidis was susceptible to lower concentrations of chitosan
(0.03%, 0.1% and 0.3%) [83]. For this reason, antimicrobial activity measured for chitosomes
loaded with drugs can be considered as a synergistic activity of the drug itself and chitosan.
What is more, chitosomes are able to assure the prolonged release of the drug, as it was
shown for metronidazole. The antimicrobial efficacy of chitosomes combined with the anti-
fungal potential of the entrapped metronidazole was effective against Candida albicans and
could offer improved efficacy in the treatment of mixed or complex vaginal infections [84].
Similar enhanced controlled release and antimicrobial effects against multidrug-resistant
foodborne pathogens were observed for nisin entrapped in chitosomes. The inhibition of
S. aureus, Enterococcus faecalis and Listeria monocytogenes growth were better for nisin-loaded
chitosomes than free or liposomal-nisin [85]. The findings indicate the possible applications
of chitosomes as external use antimicrobial formulations.

It was established for the first time that polymer-coating could enhance the stability
of the liposomal formulations entrapping EOs, this study being a stepping-stone in the
development of EOs as antimicrobial agents [36]. Thus, Artemisia afra, Eucalyptus globulus
and Melaleuca alternifolia EOs were encapsulated within polymeric liposomal systems. First,
synergistic to additive interactions were shown for E. globulus and M. alternifolia liposomal
formulations against Escherichia coli, Staphylococcus aureus, Pseudomonas aeruginosa and
Candida albicans. Further, chitosan-coating of the liposomes improved their surface stability
and prolonged the EOs release, thus extending their antimicrobial activity [36]. The
antimicrobial activity of EOs and other bioactive molecules in both systems is summarized
in Table 8.
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3.9.2. Mucoadhesive Property

The mucoadhesive property of chitosomes was the most studied one among other
activities. It was carried out in vitro by incubating a mucin solution with a liposomal
or chitosomal suspension at 37 °C for 1 h. Using a colorimetric method, the amount of
free mucin in the supernatant obtained by centrifugation of the suspension is used to
calculate the amount of adsorbed mucin on particle surface from the difference between
total and free mucin. Mucin adsorption percent was then calculated as the ratio between the
adsorbed mucin and the total amount of mucin used. Mucoadhesivity was also performed
in vivo, where the liposomal or chitosomal suspension was administered orally to rats.
The intestinal were removed from scarified rats and divided into segments (duodenum,
jejunum and ileum). Confocal laser scanning microscopy was performed to visualize the
mucopenetrative behaviors of liposomes across the intestinal mucosa. Mucus is a viscous
coating on many epithelial surfaces and consists mainly of water (up to 95% weight),
inorganic salts, carbohydrates, lipids and glycoproteins, termed mucins. Mucins are
hydrosoluble and responsible for the gel-like properties of mucus [86]. The mucoadhesive
property of chitosomes is mainly due to the electrostatic interaction between the amine
group (NH3") of chitosan and the carboxylate (COO™) or sulfonate (SO3~) group of
mucin [43] as well as by other non-covalent bonds, such as hydrogen and hydrophobic
bonds (from the remaining acetyl group on chitosan molecules) [54]. Several factors, such
as zeta potential, liposomes size, the polymer used, chitosan concentration and chitosan
MW, may influence the chitosome’s mucoadhesive property. A linear correlation was
demonstrated between the mucin percent absorbed on the vesicles and their corresponding
zeta potential values (Figure 4) [32].
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Figure 4. Effect of vesicle zeta potential on the mucoadhesive properties of chitosomes [32].

Small chitosome size showed high mucoadhesion [82]. Low chitosan concentration
also favors mucoadhesivity [17]. In order for mucoadhesion to take place, the wetting
and swelling of the polymer should enable an intimate contact with the mucosal tis-
sue, followed by the interpenetration of the polymer chains and entanglement between
the polymer and mucin chains [17]. Thiolated chitosans have stronger mucoadhesive
properties than non-modified chitosan [17,30]. However, excessive water uptake will
lead to overhydration forming slippery mucilage and less adhesiveness [87]. The slow
swelling behavior of S-protected thiomers via conjugation of thiolated chitosan with 6-
mercaptonicotinamide can avoid overhydration and loss of adhesiveness, resulting in
a prolonged mucoadhesion [30,87]. Overall, chitosan-coated liposomes were proved to
enhance the mucoadhesive property of several bioactive molecules when compared to
conventional liposomes (Table 9).
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3.9.3. Permeability and Drug Penetration Effect

Chitosomes exhibited higher permeability and drug penetration into the skin than
liposomes (Table 10). The increased skin drug permeation with chitosan coating could
be explained by the tendency of positively charged chitosan to electrostatically interact
with the negatively charged lipid present in the lipid layer of the stratum corneum to
open the epidermal tight junctions and to promote the drug delivery [42,48]. In addition,
chitosomes exhibited potential ocular applications by increasing transcorneal drug pen-
etration, compared to uncoated liposomes or commercially available eye drops with no
ocular irritation [12,37,79]. The penetration enhancing effect of chitosomes into the cornea
was higher with HMW of chitosan [28] but did not increase with the excess amount of
chitosan [12]. The main findings concerning the permeation enhancing effect of chitosomes
in comparison to liposomes are shown in Table 10.

Table 10. Permeability and drug penetration studies: conventional liposomes and chitosomes. The liposomal composition
is indicated in the table in molar ratio except when * exists, indicating a weight ratio (w/w).

Chitosan or Chitosan

Liposomes Derivative
Dru a C;’m osition a. Concentration (% w/v) Permeability and drug Penetration Ref
& | omP b. MW (kDa) Effect
b. Preparation Method . DD (%)
. o

d. Chitosan Type

- Chitosomes significantly enhanced COS7

Anti-sen: a. 0.05-1 1ls uptake of anti-sen:
rnt-sense a. SPC:CHO 20:5 * b. 100 | cets uplake of antrsense
oligodeoxynu- - oligodeoxynucleotides compared to the [53]
. b. TFH+ sonication c. 90 .
cleotides d. Chit nucleotide alone or
- hosan nucleotide-loaded liposomes
a. EPC:sodium oleate a. 20 mM - Compared' to BSA-loade(;l liposomes,
b. 276 TMBz chitosan-coated liposomes
BSA 10:2 < [25]
b. TEH+ sonication c. 94 enhanced BSA permeability across Caco-2
: d. TMBz-chitosan cell monolayers
a. PC:CHO 3:1* i’ %g - Octadecyl-quaternized lysine-modified
. PC:Folate:PEG:CHO ’ chitosan-coated deformable liposomes
Calcein c. NR . R . [22]
1111 . showed higher calcein delivery to MCF-7
- d. Octadecyl-quaternized o .
b. TEH+ sonication . o . cells compared to traditional liposomes
lysine modified chitosan
- Calcitonin permeation enhancing effect
through intestinal mucus was more
a. 0.2 pronounced for modified chitosomes than
a. DPPC:DPPE-MCC b. 150 uncoated liposomes with 1.8-, 2.7- and a
Calcitonin 3:50.3 c. NR 3.8-fold increase for uncoated liposomes, [30]
b. TFH+ extrusion d. TGA chitosan; TGA chitosan-coated liposomes and
TGA-MNA-chitosan TGA-MNA-chitosan-coated liposomes,
respectively, compared to a calcitonin
buffer solution
203 - Chitosomes exhibited high drug levels in
Ciprofloxacin a. PC:SA 10:0.5 b. N'R the external eye of albino rabbits
hydrochlo- PC:DCP 10:1 : compared to uncoated liposomes and the [37]
. c. 85 X R .
ride b. TFH . commercially available eye drop, with no
d. Chitosan o
ocular irritation
a. 0.5 - Trimethyl chitosan with HMW (450 kDa)
Coenzyme a. SPC:CHO 83:17 * b. 100; 450 led to higher precorneal retention times 28]
Q10 b. EIM+ sonication c. >85 than that of LMW (100 kDa) and
d. Trimethyl chitosan liposomes
. a. HSPC:PS:CHO a. 0.25 - After tppmal mstlllatl(?n m.rabblts,
Cyclosporin 401:1 b. 540 cyclosporin A concentrations in cornea, [79]
A b' EIM c. 94 conjunctiva and sclera were higher in
’ d. Chitosan chitosomes than in liposomes
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Table 10. Cont.

Chitosan or Chitosan

Linosomes Derivative
P o a. Concentration (% w/v) Permeability and drug Penetration
Drug a. Composition b. MW (kDa) Effect Ref
b. Preparation Method ’ o
c. DD (%)
d. Chitosan Type
2 025:0.5 - Diclofenac sodium-loaded chitosomes
. a. HSPC:PS:CHO o improved the transcorneal drug
Diclofenac o b. 540 .
sodium 3:0.1:1 .97 penetration rate compared to uncoated [12]
b. EIM d Cf.litosan liposomes or commercially available eye
’ drops with no ocular irritation
- The apparent permeability coefficient of
. a. 0.1 flurbiprofen-loaded deformable
. a. EPCisolutol HS15 b. 50 chitosomes evaluated using isolated
Flurbiprofen 7.5:1 . [61]
b. Modified EIM c. 95 rabbit corneas was 1.29-fold greater than
' d. Chitosan that of uncoated flurbiprofen-loaded
deformable liposomes
- Chitosomes increased the apical to
a. SPC:CHO 10:1 ]2; ' 1%15{ basolateral permeability of furosemide by
Furosemide ; o ' 8-fold through Caco-2 cells compared to [4]
b. TFH+ sonication c. NR . .
d. Chitosan furosemide loaded liposomes and
’ furosemide solution
2. Lecithin:SDC 15% * a.03 - Chitosan-coated elastic liposomes
. . : oo b. 150 significantly improved lidocaine
Lidocaine b. TFH+ sonication+ . . . [48]
extrusion c. 90 hydrochloride skin permeation compared
d. Chitosan to elastic liposome and chitosan solution
a. EPC 2% * l:? ’ 12]; -Resveratrol permeated skin animal with
Resveratrol ; oo ’ 40.42 and 30.84% for chitosomes and [42]
b. TEH+ sonication c. NR . X
d. Chitosan liposomes, respectively

3.9.4. Cytotoxicity

Chitosomes proved a high cell attraction which potentially increased the cellular
drug uptake leading to drug cytotoxicity as demonstrated by MTT assay [55]. Table 11
reported an enhanced cytotoxic effect on several cancer cell lines for various drug-loaded
chitosomes or -modified chitosomes when compared to drug-conventional liposomes and
free drugs. It is important to note that the cell viability decreased with increasing chitosan
concentration [79]. In addition, the pH affects the surface charge of glycol chitosomes
leading to an improvement in their antitumor efficacy compared to uncoated liposomes
(Table 11) [23].

3.9.5. Other Biological Effects

The coating of the liposomes with chitosan and its derivatives confers not only high
mucoadhesion capacity, antimicrobial activity and enhanced carrier permeability but also
enhanced other biological activities, including anti-inflammatory, immune-stimulatory
effect, analgesic and suppression of gene expression as reported in Table 12.
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Table 11. Cytotoxicity and anticancer effect of drugs: conventional liposomes and chitosomes. The liposomal composition

is indicated in the table in molar ratio except when * exists, indicating a weight ratio (w/w).

Chitosan or Chitosan

Liposomes Derivative
P cee a. Concentration (% w/v) Cytotoxicity and Anticancer Effects of
Drug a. Composition Ref
b. Preparation Method b. MW (kDa) Drugs
. Preparation Metho . DD (%)
d. Chitosan Type
- Chitosomes displayed higher
a. 0.1 cytotoxicity against human
Butvric acid a. PC:CHO 20:5 * b. NR hepatoblastoma HepG2 cells with an IC50 [72]
utyricac b. TEH+ sonication c. NR value of 1.6 mM after 72 h of incubation
d. Chitosan than uncoated liposomes (2.7 mM) and
free butyric acid (4.5 mM)
Cvelosporin a. HSPC:PS:CHO & 0'15;50 43’ L2 - Chitosomes and liposomes loading
yelosp 4:0.1:1 : cyclosporin A demonstrated low toxicity [79]
A c. 94 . . . . .
b. EIM ; to rabbit conjunctival epithelium cells
d. Chitosan
- Uncoated deformable liposomes
a. Lipoid S100:CHO: a. 1l displayed 52% of human colon cancer
Docetaxel Tween-80:5DC:DCP b. NR HT-29 cell growth, and cell viability was [55]
0.9:0.3:0.1:0.1:0.1 c. NR greatly reduced by 80% in deformable
b. TFH+ sonication d. Chitosan chitosomes, indicating enhanced cytotoxic
activity for deformable chitosomes
- Glycol chitosan-coated
a. NR doxorubicin-loaded liposomes resulted in
- . HSPC:CHO NR b. NR a 64% reduction in HT1080 cells vlgblllty
Doxorubicin . at pH 6.5 and less than 15% reduction at [23]
b. TFH+ extrusion c. NR .
d. Glycol chitosan pH 7.4 compared to uncoated liposomes
' exhibiting less than 20% reduction in
viability regardless of pH
- Hematoxylin and eosin-stained tumor
sections excised from tumor-bearing mice
following intravenous injection of free
a. NR doxorubicin and doxorubicin-loaded
. a. HSPC:CHO NR b. NR  oxorupicin ane sorort em-oace
Doxorubicin . liposomes and glycol chitosan-coated [23]
b. TEH+ extrusion c. NR . .
d. Glveol chitosan doxorubicin-loaded liposomes showed
el ! the strongest antitumor effect for glycol
chitosan-coated doxorubicin-loaded
liposomes
a. 0.5
Furosemide a. SPC:CHO 10:1 b. NR - Chitosomes showed less cytotoxicity 4]
b. TFH+ sonication c. NR toward Caco-2 cells than uncoated ones
d. Chitosan
a. Lecithin:CHO:SA ;’ (;é - Chitosomes enhanced paclitaxel-induced
Paclitaxel 1.225:0.575:0.1 ’ cytotoxicity in human cervical cancer cells [74]
b. TEH+ sonication ¢ NR d to paclitaxel loaded-li
. sonicatio d. Chitosan compared to paclitaxel loaded-liposomes
. . -The toxicity of rifampicin-loaded
a. EPC:CHO 2:1 a. 0.001-0.66 liposomes towards A549 epithelial cells
EPC:PG:CHO 9:1:5
. . b. NR was lower compared to the free drug for
Rifampicin DSPC:CHO 2:1 . . [32]
c. 87 all the vesicles types (negatively charged
DSPC:PG:CHO 9:1:5 . .
o d. Chitosan and non-charged ones), especially
b. TEH+ sonication .
chitosan-coated ones
si a. HSPC:CHO 1:1 al - Chitosomes showed 96% of MCF7 cancer
RNA-VEGF HSPC:DCP:CHO1:0.1:1 b. 75 cell viability. However, anionic and (75]
si HSPC:SA:CHO1:0.1:1 c. 75-85 cationic liposomes showed reduced cell
RNA-H1F1-« b. TFH+ sonication d. Chitosan viability of 76.27 and 67.79%, respectively
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Table 11. Cont.

Chitosan or Chitosan

Linosomes Derivative
P o a. Concentration (% w/v) Cytotoxicity and Anticancer Effects of
Drug a. Composition b. MW (kDa) Drugs Ref
b. Preparation Method ’ o &
c. DD (%)
d. Chitosan Type
a. 0.1 -Both chitosomes and liposomes loading
Substance P & Lecithin:CHO 20:3.3 * b. NR substance P showed no toxic effect on [34]
b. TFH+ sonication c. 88 keratinocytes at different tested
d. Chitosan concentrations

Table 12. Other biological effects of drugs: conventional liposomes and chitosomes. The liposomal composition is indicated

in the table in molar ratio except when * exists, indicating a weight ratio (w/w).

Chitosan or Chitosan

Liposomes Derivative
ioe a. Concentration (% w/v) . .
Drug a. Com]?osmon b. MW (kDa) Other Biological Effects Ref
b. Preparation Method . DD (%)
d. Chitosan Type
- Chitosomes showed higher
anti-inflammatory effects by
a. 0.1 reducing IL-8, IL-6, TNF-oc and
L a. PC:CHO 20:5 * b. NR TGEF-p expression in HepG2 cells
Butyric acid b. TFH+ sonication c. NR Comparsd to free butyfrjic acid (721
d. Chitosan and butyric acid-loaded
liposomes at different tested
concentrations
Nonspecific immune parameters
myeloperoxidase, respiratory
burst, hemagglutination,
hemolytic, antiprotease activity
and bacterial agglutination
a.03 ivi d after
Extracellular a. Lecithin 100 mg b. NR act1v1ty.were t?Ste. aner
. b. EIM . NR parenteral m}mumzatlon'lr} fish [57]
proteins . and rabbits. The specific
d. Chitosan .
antibody level was also
measured. Chitosomes showed
significantly higher specific and
nonspecific immune responses
than the liposomes
- Chitosan-coated elastic
lidocaine loaded liposomes
a. Lecithin:SDC 15% * a.03 revealed greater suppression of
Lidocai b. TFH- sonications+ b. 150 formalin-induced nociceptive (48]
idocaine . sonication L
extrusion c. 90 behavior in mice transdermally
d. Chitosan treated, thus a better analgesic

effect compared to elastic
liposome and chitosan solution
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Table 12. Cont.

Chitosan or Chitosan

Liposomes Derivative
2 0,
Drug a. Composition a. Concentration (% w/o) Other Biological Effects Ref
b. Preparation Method b. MW (kDa)
c. DD (%)
d. Chitosan Type
- VEGF and HIF1-« protein
levels in cells treated with
anionic liposomes were
significantly lower than those
a. HSPC:CHO 1:1 al freated with cationic and
si RNA-VEGF  HSPC:DCP:CHO 1.0.1:1 b.75 i e e VEGE 5]
si RNA-HIFl-«  HSPC:SA:CHO 1:0.1:1 c.75-85 I L
b. TFH+ sonication d. Chitosan and s * cast cance

cells using chitosomes
significantly inhibited VEGF
(89%) and HIF1-o (62%) protein
expression compared to other
liposome formulations.

4. Multilayer Coating of Polyelectrolytes on the Liposomes

A few studies have developed a polyelectrolyte delivery system (PDS) based on
liposomes coated with alternating layers of polysaccharides, such as chitosan, alginate,
hyaluronate or pectin [64,78,80,89,90]. PDS is represented in Figure 5, in which positively
charged chitosan was self-assembly coated onto the anionic liposome surface, and neg-
atively charged alginate, hyaluronate or pectin was then deposited on the outer layer of

cationic liposomes.

Y, wo.
CH,0H

Chitosan

@

Liposome

Figure 5. Preparation of polyelectrolyte delivery system layer-by-layer self-assembly of chitosan and

®
Chitosan-coated liposome

alginate/hyaluronate/pectin onto the liposome.

The effect of alternating layers of cationic and anionic polysaccharides on the lipo-
some surface is presented in this section. The characteristics of PDS in comparison to
chitosomes and conventional liposomes are presented in Table 13. The adsorbed polymers
on the liposomal surface caused a negative zeta potential, an increase in the membrane
thickness [89,90], in size [64,78,80,89,90], and in drug EE, which increased with increasing

layers of polyelectrolytes [89].
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It has been reported that the addition of polyelectrolyte layer improved liposomal
stability. For example, triple-layer liposomes composed of chitosan and pectin-loading
hibiscus extract were more stable than the liposomes after 30 days of storage at 25 °C with
the highest stability obtained with PDS [91]. In addition, triple-layer liposomes containing
Chrysanthemum sp. exhibited better stability after 60 days at different temperatures
(4, 12, 25 and 37 °C) in terms of particle size, pdl and zeta potential than conventional
liposomes and chitosomes [78]. Liposomes modified by chitosan and alginate were stable
after 12 months at room temperature without significant changes in their size [89]. PDS
systems were not only proved to be stable at aqueous suspensions but also in lyophilized
forms. The lyophilization of PDS in the presence of sucrose maintained their size and zeta
potential values as those before lyophilization [89].

It is important to note that medium composition (pH and NaCl concentration) affected
the PDS stability. PDS size increased significantly from 170 nm at pH 1.5 to 410 nm at pH 5
then decreased to 235 nm at pH 9. However, uncoated liposomes maintained stable at
different pH. In SGF, both liposomes and PDS showed a slight change in size for 120 min.
In SIF (pH 7.4), compared to the liposomes (from 107 to 114 nm), PDS size increased
significantly from 335 to 620 nm over 15 min of digestion and decreased to 530 nm at the
end of digestion [90]. In addition, high NaCl concentration (200 mM) at pH 5.5 induced
more alteration of PDS than chitosomes and uncoated liposomes in appearance and mean
diameter, but the cores (liposomes) of these systems were maintained stable [64]. The
following mechanism explained the PDS stability affected by the medium composition. At
low pH conditions (pH 1.5), outer-layer alginate shrank and converted into an insoluble
so-called alginic acid skin which protected chitosan from dissolution. With pH value
increase (even in SIF conditions), there was a decrease in the number of charged cationic
groups on chitosan. Thus, the electrostatic interaction between the carboxyl group of
alginate and the amino group of chitosan was weaker, medium gradually entered into the
particles, and the mean diameter increased. The subsequent decrease in mean diameter
could be due to some of the alginate being progressively dissolved. In addition, in SIF
conditions, this decrease in the size was explained by the higher affinity of chitosan to
bile salts ions than to the liposomes [90]. This was supported by the influence of ionic
concentration in the medium on the PDS stability. At pH 5.5 and in the presence of low
ionic NaCl concentration, the carboxyl group of alginate was ionized, and the amine group
of chitosan was protonated. Interaction in the polyionic complex could govern the alginate—
chitosan-coated liposomes to swell water to fill the void regions of the polymer network
between alginate and chitosan. When they encountered electrolyte solutions, such as high
NaCl concentrations, the equilibrium state was provoked. Ions competed with polymers
to interact with water, electrostatic interaction and steric force were weakened, resulting
in the erosion of alginate—chitosan-coated liposomes and phase separation between water
and particles [64].

In addition, the concentration of anionic polysaccharides affects the PDS stability,
where both a higher and lower addition of pectin to chitosan-coated liposomes above
or below the concentration of saturation resulted in the destabilization of the liposomes
via bridging flocculation [91]. The temperature also affects the PDS stability. PDS size
decreased after 1 h at 70 °C due to the degradation of the outer layer alginate at high-
temperature. The following increase of particle size may be due to the increased propensity
for inter-chain cross-linking of chitosan under the influence of heating [90]. Moreover,
PDS composed of 2 polyelectrolytes layers were stable after 3 weeks at 25 °C, whereas a
size increase and flocculation were obtained for those composed of 3 to 5 polyelectrolytes
layers [80].

PDS delayed the release of encapsulated contents in SGF and SIF compared to chi-
tosomes and conventional liposomes due to several possible mechanisms as follows: (a)
there was a physical barrier (shrunken alginate network at low pH and insoluble chitosan
layers at high pH) formed on the liposome surface and then enzyme (pancreatic lipase,
phospholipase A2, and cholesterol esterase) was restricted to contact with the liposomal
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phospholipids; (b) electrostatic bridges existing between the phospholipids and polymers
reduced the lipid bilayer permeability [90]; (c) formation of a denser shell through the ionic
interaction of the two polymers [80].

In vitro skin permeability studies showed that negatively charged sodium hyaluronate-
chitosan-coated liposomes and positively charged chitosomes have similar skin perme-
ability, which was superior to uncoated liposomes. This was explained by the abil-
ity of hyaluronate to increase the stratum corneum hydration due to its water uptake
properties [80].

5. Encapsulation of Essential Oils: Chitosomes vs. Liposomes. Novel Formulation
Strategies for Old Antimicrobials

In the last decades, a growing interest in using plant-based antimicrobials has been
known a rise, and special attention was given to EOs. EOs are products obtained from
aromatic plants by physical processes of distillation or pressing [92]. They contain volatile
compounds stored in plant’s specialized structures to offer protection against various
insults, including pathogen (bacteria, fungi, viruses) attacks [93]. EOs are complex mix-
tures of small lipophilic molecules, of which one up to three compounds constitute the
main phytochemical markers; still, other minor compounds contribute by phyto-synergic
interactions to the overall bioactivity of EOs [94,95].

Isolation of EOs from plant matrices is classically achieved by hydrodistillation (steam
or water distillation), but other methods, such as cold and hot expression, microwave-,
ultrasonic-solvent free and supercritical fluid extraction, are also employed [96,97].

Generally, EOs constituents are regarded as safe (GRAS) by the FDA, a status that
permitted the use of EOs as flavoring agents in food and as additives to cosmetics, perfumes,
and cleaning products [94]. In addition, the combination of orange essential oil and
trehalose was found to have a great impact on barrier protection against UV-vis radiation.
This synergistic effect is potentially useful in using these films as protectants for food
packaging and improvers of shelf life and food quality [98]. More, EOs possess a broad-
spectrum of significant biological activities with applications in medical and pharmaceutical
sectors, but also in agriculture as crop protectants [99-101]. Moreover, their potent and
broad-spectrum antimicrobial effects have generated impressive reports in the scientific
literature. Thus, several mechanisms of activity have been proposed for EOs and their
constituents, including disruption of the phospholipid bilayer of cell membranes, inhibition
of efflux pumps, impairment of metabolic pathways, inactivation of genetic material,
and anti-quorum sensing effects [102-107]. Compared to antimicrobial drugs, EOs act
concurrently towards different microbial targets due to their multicomponent nature, which
constitutes an advantage in tackling microbial resistance [108]. In addition to their broad
antimicrobial spectrum, EOs have antioxidant, immunomodulatory, anti-inflammatory,
and wound healing effects, which highlight them as candidates for the clinical development
of novel antimicrobial agents [102,109].

EOs constituents are extremely sensitive to oxygen, light, heat, and humidity. In
addition, their low water solubility and bioavailability hamper the clinical use of EOs.
Therefore, encapsulation has been widely used to overcome such limitations but also to
ensure targeted delivery and to boost the antimicrobial efficacy of EOs [92,107,110,111].

Among the nanoformulated delivery systems, the ability of liposomes to entrap EOs
is commonly reported in the literature [112-114].

This section is intended to shed light on the advantages of combining liposomes
with the primary chitosan coating (chitosomes) as well as secondary coatings (alginate,
hyaluronate, pectin) to overcome the drawbacks of conventional liposomal formulations
(aggregations and fusion followed by leakage of their content during storage). Although the
application of chitosomes for EOs encapsulation is still in its infancy, it deserves attention.

Considering the antimicrobial propensities of chitosan, such systems are promising
tools for the increase of EOs antimicrobial efficacy. Chitosomes could allow targeted
delivery of EOs, but also could avail their release, prolonging their bioactivity. They could
also reduce the side effects of EOs upon local and systemic administration to humans.

108



Processes 2021, 9, 445

Therefore, the elucidation of their mechanisms of activity and toxicity in biological systems
could pave the way for their use in clinical antimicrobial chemotherapy. Moreover, these
formulations might modify the sensory properties of foods and drinks and allow their
application as preservatives in the food industry.

Still, EOs chemical composition must be well-characterized, and their encapsula-
tion into chitosomes should focus on these particularities for the development of sound
therapeutic approaches.

6. Conclusions

Chitosan has emerged as an important biomaterial for drug delivery. The charac-
teristics of drug-loaded chitosomes and conventional liposomes were compared in this
review. The addition of a chitosan layer on the liposome surface resulted in a liposomal
size increase and inversion of Zeta potential from negative to positive values. Both size and
Zeta potential increased as the chitosan concentration increased until reaching a saturated
value. Chitosomes showed an acceptable degree of polydispersity and did not affect the
liposome morphology. The chitosan or chitosan derivatives layer improved liposomes
stability, even in GI fluid, as well as against severe physical stress during freeze-drying. The
results of many studies suggested a sustained drug release from chitosomes, an enhanced
mucoadhesivity and skin drug penetration compared to uncoated liposomes. Chitosomes
enhanced drug bioavailability as well as their biological effect. The mechanisms control-
ling drug EE, vesicle stability and drug release in chitosomes depend on many factors,
such as physicochemical drug characteristics, medium pH, chitosan MW and chitosan
concentration that should be taken into consideration in chitosomal preparation. Chitosan
should be added at a saturated concentration to ensure vesicle stability, where coacervates
and bridging flocculation may occur, respectively, below this concentration and in the
presence of excess chitosan concentration. Moreover, the primary amino groups of chitosan
protonated at acidic pH electrostatically interacted with negatively charged phospholipids
on the liposome surface, showing higher stability and lower drug release rate for various
drugs used compared to those obtained at high pH values.

The addition of polyelectrolytes, such as alginate, sodium hyaluronate and pectin,
could further enhance the efficacy of chitosomes due to the formation of a denser shell
through the ionic interaction of the two polymers, keeping in mind the effect of the medium
pH and polyanionic acid concentration on this interaction. Covering the surface of the
liposome with chitosan could be, therefore, considered as a promising strategy to enlarge
liposomal applications in areas such as hematology, immunology, pharmaceutics, drug
delivery, food packaging and cosmetics.

Author Contributions: The writing-original draft preparation was done by the corresponding
author C.S. The co-corresponding author A.T. has also contributed in writing and editing this review
especially the part concerning the antimicrobials and essential oils. E.S. helped in editing this review.
The conceptualization and the supervision of this review was done by H.G.-G. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: Authors would like to thank the Agence Universitaire de la Francophonie, Projet
de Coopération Scientifique Inter-Universitaire (2018-2020) for supporting the project. This work
was supported by a grant from the Romanian Ministry of Education and Research, CNCS-UEFISCDI,
project number PN-III-P1-1.1-TE-2019-1894, within PNCDI III.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations
AUC area under curve
BSA bovine serum albumin

Caco-2  human colorectal adenocarcinoma

109



Processes 2021, 9, 445

CH-LP
CHO
Cmax
DCP
DD
DDAB
DHP
Dil

DPPC
DPPE-MCC

DSPC
EO
EPC
FD-RH
GI
H1F1-a;
hypoxia inducible factor 1
HMW
DSPE
EE

EIM
EO
EPC
FD-RH
GI
H1F1-a;
hypoxia inducible factor 1
HCl
HMW
HPTMA
HSPC
(N
ISCRPE
LMW
MDA
MFGM
MTT
MW
NR
PBS

PC

pdl
PDS
PEG
PG

PS

Ref
REV
SA
SDC
SGF
SIF
SPC
TFH
UN-LP
VEGF
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Abstract: The increasing clinical use of artificial medical devices raises the issue of microbial con-
tamination, which is a risk factor for the occurrence of biofilm-associated infections. A huge amount
of scientific data highlights the promising potential of essential oils (EOs) to be used for the de-
velopment of novel antibiofilm strategies. We aimed to review the relevant literature indexed in
PubMed and Embase and to identify the recent directions in the field of EOs, as a new modality to
eradicate microbial biofilms. We paid special attention to studies that explain the mechanisms of the
microbicidal and antibiofilm activity of EOs, as well as their synergism with other antimicrobials.
The EOs are difficult to test for their antimicrobial activity due to lipophilicity and volatility, so we
have presented recent methods that facilitate these tests. There are presented the applications of
EOs in chronic wounds and biofilm-mediated infection treatment, in the food industry and as air
disinfectants. This analysis concludes that EOs are a source of antimicrobial agents that should not
be neglected and that will probably provide new anti-infective therapeutic agents.

Keywords: essential oils; bacterial biofilm; antimicrobial; medical devices

1. Introduction

In the past decade, essential oils (EOs) use for the prophylaxis and therapy of biofilm-
associated infections (BAls) have become very popular. The universally accepted definition
of a biofilm refers to a sessile multicellular community of microbial cells with a modified
transcriptome and phenotype (exhibiting increased resistance to both therapeutic doses of
current antimicrobials and immune effectors) that adhere to a surface and, among them,
being protected by an auto-secreted extracellular polymeric matrix [1,2]. It is considered
that BAIs represent up to 85% of the total microbial infections, occurring after microbial
colonization of either viable tissues or medical devices and having serious consequences [3],
because they are persistent and hard or impossible to treat, even in immunocompetent
individuals.

On the other hand, the food manufacturing industry is facing the formation of micro-
bial biofilms that can affect industrial processes, and researchers are in constant search of
new ways to eradicate this phenomenon. The protective mechanisms of microbial cells
within biofilms are multifactorial and differ from those that occurred in planktonic cells
and include matrix impermeability, modified transcription rate, selection of persister cells,
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accumulation of antibiotic inactivating enzymes, increased horizontal transfer rate of resis-
tance genes, etc. [4]. Therefore, biofilm cells can become up t0o100-1000 times more resistant
to antimicrobial substances than planktonic cells [5]. This high phenotypic resistance, also
called tolerance, interferes not only with the BAI treatment but also with the efficacy of
surface disinfection processes [6,7]. The discovery of natural products with antimicrobial
activity represents a direction of current research trying to limit microbial diseases.

Therefore, the purpose of this paper was to review the recent literature on EOs
antibiofilm activities.

2. Methods

For this purpose, the PubMed (National Library of Medicine, Washington, DC) and
Embase (Elsevier) databases were searched for all relevant articles written in English, using

7

the following keywords: “essential oils”, and “biofilm”, and then “dentistry”, “chronic
wound infections”, “medical devices”, “food industry”. We also reviewed additional
relevant articles identified from the referenced citations. We limited our investigation to
English-language journals.

EOs (also called volatile or ethereal oils) are natural aromatic oily liquids with com-
plex compositions obtained from different plant organs by various methods, including
expression, fermentation, enfleurage and extraction. The most used technique is steam
distillation [8]. From the 20-60 low molecular weight components, which can be found in
the composition of EOs in different amounts, at least one, such as terpenes and terpenoids
or other aromatic compounds, exhibit antimicrobial activity [9] (Figure 1).
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Figure 1. The main components of essential oils (EOs).
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EOs of vegetal origin have been used for millennia in ethnomedicine as a natural
antimicrobial and antiviral agents. Their antimicrobial activity is due to the alteration
of microbial cell envelope leading to cellular lysis with cell contents leakage and proton
motive force inhibition. Their benefits result from the fact that microbial resistance is less
probably to be installed, as compared to chemical substances, the facile preparation, high
biocompatibility and biodegradability [6]. Besides their antimicrobial activity, EOs also
exhibit anti-inflammatory effects. In addition, their antibiofilm activity came to researchers’
attention in the last ten years [4].

3. Discussion
3.1. EOs Mechanism of Action as Antibiofilm Agents

The complex composition of EOs suggests that multiple mechanisms, probably acting
synergically, are involved in their biological effects [3]. From the studied articles, we
identified several types of mechanisms of action that we describe below.

In the review of Saviuc et al., it is shown that EOs are potent antibiofilm agents, acting
by inhibition of the intercellular communication systems and by inducing changes in the
substrate (referring to changing of redox potential, resistivity or pH) [10]. EOs could also
kill the biofilm embedded cells by the alteration of the cytoplasmic membrane due to
their hydrophobic constituents [11]. The research performed by Selim and Burt groups
revealed that the absence of the outer membrane in Gram-positive bacteria favors the direct
interaction of the EOs with the cellular membrane, either affecting its permeability and
causing the leakage of intracellular content or inactivating the bacterial enzymes [8,12].

As presented by Melo et al. in terms of action on the biofilm produced by S. aureus,
the action of EOs depends on the hydrophobicity, reactivity and diffusion rate of EOs in
the matrix, as well as to the composition and structure of the biofilm. The EOs can stop the
formation of biofilm by blocking the quorum-sense system, inhibiting the transcription of
flagellar genes or by interfering with bacterial motility [13].

Tang et al. analyzed the EOs from Amomum villosum Lour against methicillin-resistant
S. aureus (MRSA) and established that the mechanism of action consists in reducing the
bacterial adherence to inert surfaces. They realized the first proteomic study of the mecha-
nism of action of A. villosum Lour EO against MRSA and showed that the inhibitory effect
is dose—and temperature-dependent [14].

EOs could also increase the oxidative stress in microbial cells, causing damages of
intracellular macromolecules, leading to cellular apoptosis., e.g., Das et al. found that
Chamomile EO induced the accumulation of reactive oxygen species (superoxide and
peroxide) that could be responsible forthe antimicrobial activity of this EO [15].

In their article from 2015, Fde et al. showed that geraniol, the main constituent of some
EOs, such as Cymbopogon martini EO, inhibits the ergosterol synthesis, a major constituent
of the fungal plasma membrane [16]. Cymbopogon citratus EO has an effect of inhibiting
glucosyltransferase activity in addition to the mechanism of degrading membrane proteins
and cell permeability. This enzyme is involved in glucans synthesis, which is important
for the stabilization of E. coli O157: H7 biofilms. The study carried out by Ortega-Ramirez
in 2020 presented a type of enzymatic mechanism that essential oils can have, which can
overcome the resistance to disinfection processes of microorganisms that affect the food
industry, such as E. coli O157: H7, which can form a very resistant biofilm [17].

3.2. Disadvantages EOs Administration

However, the EOs disadvantages should not be neglected, as Glinel et al. have shown.
The chemical composition of EOs varies, depending on the ripeness, the harvesting season
and the geographical origin. The EOs have low stability when exposed to temperature or
UV radiation. Some EOs are toxic after internal administration or could cause hypersen-
sitivity reactions, dizziness, headache, nausea, or lightheadedness, mostly after skin or
mucosal administration [4].
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3.3. EOs Formulation

Particular importance presents the research on obtaining different formulations and
appropriate to the use of EOs, following at the same time an accurate determination of
their mode of action.

In their article from 2019, Das et al. highlighted the disadvantages of EOs, due to their
increased lipophilicity and volatility, which makes it difficult the evaluate the antimicrobial
effect. That's why they proposed Pickering nanoemulsion of Chamomile EO as a new and
promising formulation, which proved to be more effective and assuring the EO intracellular
delivery when tested on a wide range of bacterial and yeast strains [15].

The Pickering oil-in-water (AEP) nanoemulsion of Artemisia annua EO, stabilized
using silica nanoparticles, was very efficient against mature Candida biofilms, as compared
to the emulsions stabilized with Tween-80 and with the A. annua EO ethanolic solution,
the possible mechanism of action being through the generation of the oxidative stress
and superior penetration of lipid membranes, as demonstrated using the unilamellar
liposomes model [18].For the same purpose, ethanol, methanol and dimethylsulfoxide
(DMSO) solvents and Tween-80 or 20 surfactant-based formulations have been used to
stabilize the hydrophobic EOs, reduce the volatility and improve the penetration of cellular
envelope [19-22]. However, the need to obtain new formulations that increase the solubility
of EO or the emulsification capacity in an aqueous medium for a more advanced release of
the components still exists [22].

In the attempt to characterize the antimicrobial activity as precisely as possible, the
aim was to incorporate the essential oils in modified cyclodextrins or silica nanoparti-
cles [23-25].

Recently, inert and biocompatible solid particles have been used as stabilizing agents
instead of surfactants to stabilize EO emulsions. This approach involves the adsorption of
solid particles at the oil-water interface reducing the interfacial tension and thus, increasing
the stability [19,26].

3.4. EOs as Antibiofilm Agents

At present, there are only a few compounds with demonstrated activity agents have
on fungal biofilms. For this reason, new anti-biofilm molecules are needed, and some
essential oils have proven effective in combating antibacterial and antifungal biofilms. The
chemical composition of commonly used EOs and the biofilm-producing microbial species
used in antibiofilm tests are presented in Table 1. Table 2 shows the most tested EOs in
terms of the antibiofilm effect on medical devices or different surfaces.

As it is presented in Table 2, much attention has been paid lately to Melaleuca alternifolia
(tea tree oil) (TTO EO) [27], which exhibits antibacterial and antifungal activity, preventing
the formation of biofilms on different surfaces having a high-risk of contamination.

A study from 2011 performed by Budzyfiska et al. presents the activity of TTO EO,
Lavandula angustifolia (lavender essential oil) (LEO), Melissa officinalis (Melissa essential oilor
lemon balm) (MEO) and linalool, linalyl acetate, x-terpineol, terpinen-4-ol on biofilms
formed by S. aureus and E. coli reference strains. MEQO, o-terpineol and terpinen-4-ol,
showed a higher antibiofilm effect than LEO and its major components, i.e., linalool and
linalyl acetate. The tests demonstrated that E. coli biofilm was more susceptible than the S.
aureus biofilms to the action of EOs, especially to TTO, that destroyed it after 1 h exposure to
a 0.78% concentration, contrary to the opinion stating that Gram-negative microorganisms
are more resistant to EOs. In comparison with LEO and TTO, the MEO effect is more
dependent on the action time. The in vivo tests on biomedical surfaces of urinary catheters
and tracheal tubes showed that TTO and terpinen-4-ol used at 2 x MIC (minimal inhibitory
concentration) caused visible biofilm eradication, while increased concentrations were
required to eradicate the microbial biofilm on surgical mesh [5].

Karpanen and coworkers studied the antimicrobial effect of chlorhexidine digluconate,
either alone or combined with TTO eucalyptus oil and thymol on planktonic and adherent
S. epidermidis. Thymol exhibited a higher activity on biofilm cells. This was the first
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study in that EOs demonstrated the best potential of inhibiting the biofilm produced by
S. epidermidis TK1 and RP62A when they were combined with chlorhexidine digluconate.
This synergistic activity is particularly valuable for skin antisepsis and for removing S.
epidermidis from hard disinfection surfaces [28].

The study was deepened by Kwiecinski et al., who also studied the antimicrobial
action of TTO; this research demonstrated the TTO effectiveness against S. aureus clinical
strains in different growth phases, including stationary phase and biofilms. The minimum
biofilm eradication concentration was usually 2x CMI, lower than 1% v/v. The inhibition
of biofilm took place in 15 min at a TTO concentration >1% v/v [29].

The TTO was also tested on clinical and reference C. albicans strains in biofilm growth
state on both biotic (human epithelial cells) and abiotic (polystyrene) surfaces, but inhibition
at 0.008% concentration occurred only for one C. albicans reference strain [30].

In another experiment, the Boswellia papyrifera resin EO (BEO) proved antibiofilm
activity against S. epidermidis and S. aureus preformed biofilms of 24 h, at concentrations
close to the MICs. Sub-MIC concentrations of BEO exhibited a good inhibitory effect
against C. albicans growth, adhesion, biofilm development, mature biofilm eradication (at
44 pg/mL concentration) and germ tube formation [31].

The sub-MIC concentrations of EO from T. vulgaris reduced the S. aureus biofilm
development rate, inducing some cellular adaptation to this EO. This suggests that EOs
treatments should envisage their rotation and combination with other biocides to prevent
the emergence of resistant isolates [32].

A very recently published research on clove and thyme oils efficiency against Fusarium
spp- development on soft contact lenses indicated that at concentrations lower than
50 puL/L that can be used without affecting the device material, the fungal cell adherence
and formation were inhibited [33].

The Mentha piperita EO inhibits C. albicans and C. dubliniensis biofilm formation at a
concentration of a maximum of 2 uL/mL in a dose-dependent manner. The effect is due
to the increased concentration in menthol of this EO, which can be incorporated into the
fungal cell membrane; the phenolic monoterpene, bearing a hydroxyl group on the phenolic
ring, also exhibits antimicrobial effect due to the cytoplasmic membrane disruption. This
mechanism of action results in the antifungal efficacy of EO of Mentha piperita on those
strains resistant to azoles [34].

Table 1 indicates that much research has been devoted to identifying the EOs that can
be used in biofilm eradication produced by S. aureus strains. In the study of Lee et al. (2014),
from 83 EOs, nine of them (bay (Pimenta racemosa), cade (Juniperus oxycedrus), cedarwood
(Calocedrus decurrens), frankincense (Boswellia carterii), lovage root (Levisticum officinale),
oregano (Origanum vulgare), sandalwood (Santalum albumy), thyme red (Thymus vulgaris),
and Vetiver Haiti (Cymbopogon martini) oils) inhibited the S. aureus biofilm at 0.01% (v/v)
concentration. Three of them (black pepper (Piper nigrum), cananga (Cananga odorata), and
myrrh (Commiphora myrrha) oils) at a sub-MIC exhibited a strong antibiofilm activity. One
of the active compounds was cis-nerolidol (0.01% (v/v)), which proved to be more efficient
than trans-nerolidol contained by the three EOs, inhibiting by more than 80% versus 45%
the S. aureus biofilm growth. The black pepper EOs inhibited the expression of nucl
and nuc2 (nucleases) and sarA (staphylococcal accessory regulator A), showing promise,
together with cis-nerolidol for fighting MRSA and vancomycin—-methicillin-resistant S.
aureus infections [35].

The antimicrobial effect of carvacrol is often described in the literatureand the EOs
rich in this compound, such as Satureja hortensis one (even in sub-MIC concentrations),
proved to inhibit Candida, Staphylococcus and periodontal bacteria biofilms [36].

Gomes et al. demonstrated the efficiency of farnesol on S. epidermidis (one of the
main nosocomial agents of indwelling medical devices BAIs) biofilm, producing significant
destruction of biofilm structure and a significative reduction of biofilm thickness [37].

Gursoy et al. studied the antibiofilm activity of Satureja hortensis essential oil, tested
on Candida and Staphylococcus biofilms, at and 0.03% and 0.06% concentrations. The growth
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inhibitory effect against periodontal bacteria and the anti-biofilm effect in subinhibitory
concentration was registered [36].

The EOs from two plants from the Apiaceae family, Ferula asafetida and Dorema aucheri,
were also tested for their antibiofilm activity against P. aeruginosa using 25 ug/mL concen-
tration. Ferula EO decreased pigmentogenesis, protease and biofilm development, while
Dorema EO affected only pyoverdine and elastase production [38].

The EOs of Cinnamomum burmannii and Massoia aromatic are another source of an-
tibiofilm agents, proving to inhibit both P. aeruginosa and S. aureus biofilms. The effective-
ness of these EOs can be due to their main components, highlighted by GC-MS analysis,
which are cinnamic aldehyde and massoia lactone, respectively [39].

Kavanaugh and Ribbeck demonstrated that the EOs of cassia, Peru balsam, and red
thyme oils are very efficient against MRSA biofilms. In addition, the three EOs at MIC
values have also inhibited P. aeruginosa biofilm cells; for cassia EO (0.2%), the effect is more
intensive than that of colistin (3 pg mL™1) [7].

The Eucalyptus smithii and Juniperus communis EOs inhibited both initial phases as well
as the maturation of biofilms formed by S. aureus and P. aeruginosa respiratory isolates and
reference strains [40].

A study of antibiofilm effect from 2014 used EOs from Lamiaceae and Apiaceae families
(Ammi visnaga, Ammoides verticillata, Artemisia arborescens, Dittrichia graveolens, Lavandula
dentate, Lavandula multifida, Mentha piperita, Origanum vulgare, Rosmarinus eriocalyx, Thymbra
capitata), rich in oxygenated monoterpenes (mostly alcohols, such as thymol, carvacrol,
linalool).The EOs from T. capitata and O. glandulosum (0.75-1.5%) inhibited E. faecalis
biofilms, similar to those extracted from A. verticillata and L. multifida (1.50-3.00%). The
study also confirmed that the administration of EOs is more efficient than the adminis-
tration of the main component itself [41]. The Baccharis psiadioides (Asteraceae) EO, known
for their antipyretic and anti-inflammatory properties, as well as a snake bites antidote,
has been proved to exhibit antimicrobial and antibiofilm action on 13 E. faecalis resistant
strains [42].

Many studies have focused on the research of eugenol, found as a major compound in
clove (S. aromaticum) EO, and of citral, containing geranial (trans-citral, citral A) and neral
(cis-citral, citral B), found in the citrus plants leaves and fruits. Eugenol acts by disrupting
cellular membrane permeability, while citral affects both the cytoplasmic/outer membrane
as well as the stress response mediated by the sigma factor RpoSin E. coli [43].

The Thymbra capitata EO inhibited the preformed biofilms of different Candida spp.
at 2xMIC, excepting C. glabrata, probably due to the increased content in phenols (car-
vacrol) [44]. Starting from these observations on antifungal activity of EOs, Dalleau et al.
(2008) have tried to deepen this study by testing ten terpenes, the main components of EOs
(carvacrol, citral, eucalyptol, eugenol, farnesol, geraniol, linalool, menthol, y-terpinene, and
thymol), on different Candida strains (C. albicans, C. parapsilosis, C. glabrata). The best activity
was recorded using carvacrol against C. albicans, C. glabrata and C.parapsilosis biofilms, the
effect being biofilm age and concentration-independent. They also obtained good results
for geraniol and thymol [45]. In another study [46], the antibiofilm effect of Citrus limon
and Zingiber officinale EOs were investigated, and it has been shown that they can be used
against biofilms of Klebsiella ornithinolytica, K. oxytoca and K. terrigena.

In an interesting article from 2019, Kerekeset al. described the antibiotic effect of
Cinnamomum zeylanicum, Origanum majorana, and Thymus vulgaris EOs on dual-species
biofilms.

Studying the effect on the biofilm produced by L. monocytogenes SZMC 21307 and
E. coli SZMC 0582, they found that treatment with cinnamon EO at concentrations of
1 mg/mL eradicated the dual biofilm. In the case of marjoram EO, the biofilm elimination
started from 0.5 mg/mL concentration, and in the case of thyme EO, the inhibitory effect
was detected starting with 1 mg/mL concentrations. These values were surprisingly
much lower than those recorded in the eradication of monoculture biofilms. All studied
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EOs decreased biofilm formation but at concentrations higher than those required for
monospecific biofilms eradication.

These polymicrobial biofilms can be found in the food industry, and the recorded
results suggest the possible use of EOs as food preservatives, but however, their use is
limited by the strong odor and taste, requiring further study to mitigate these effects [47].

The promising results on the antibiofilm effect of EOs have outlined a new challenge
for researchers to study whether the association of EOs with antibiotics is beneficial. In
this regard, Rosato et al. published in 2020 a series of research that is intended to be just
the beginning of a comprehensive study on the synergistic effect of EO antibiotics. They
studied the activity of Cinnamomum zeylanicum, Mentha piperita, Origanum vulgare and
Thymus vulgaris EOs associated with norfloxacin, oxacillin, and gentamicin on bacterial
biofilm produced by S. aureus, S. epidermidis 1G4, and E. faecalis. The synergistic effects
were tested through the checkerboard microdilution method. The study showed that all
EOs have a synergistic effect, the best being in combination with norfloxacin, leading,
for example, in the case of Cinnamomum zeylanicum EO to a decrease from 128 pg/mL
to 3.99 g/mL of gentamicin MIC50.The advantages of combined therapy are obvious:
the decrease of antibiotic doses and implicitly reducing the resistance to antimicrobial
drugs [48].

3.5. EOs Used in Dentistry

Many studies were devoted to finding new irrigants or interappointment to remove
the microbial biofilms formed in the mouth, which prevent endodontic treatments [49].
Therefore, there is a need for chemical substances as medications that have both antibacte-
rial and antibiofilm activities. E. faecalis is commonly recovered from teeth with persistent
endodontic infections, creating biofilms attached to the canal walls or located in isthmuses
and ramifications from where are difficult to eliminate by current substances, such as
sodium hypochlorite and chlorhexidine [41,50]. Microbial biofilms and smear layer must
be eradicated during endodontic treatment. Because the substances used as chemical
irrigants are not bio-friendly with the dental and peri-radicular tissues, different natural
substances have been studied as disinfectantsof root canals [51]. Chloroformic solutions of
eucalyptus and orange EOs associated with cetrimide at concentrations varying from 0.05%
to 0.3% reduced the biofilm by 70-85%. The two EOs enhanced the efficiency of cetrimide,
which effectively eradicated the biofilms in lower doses, the synergic effect being probably
due to lipophilic compounds (e.g., terpenoids or phenolics) [50].

The Melaleuca alternifolia EO used as a gel with antibacterial effect was very effective
against oral S. mutans biofilm, decreasing the gingival bleeding index. Mouthwashes with
this EO have also decreased not only S. mutans but also the total oral bacteria counts. The
EO was used in 5% concentration, which was well accepted, without side effects [52,53].

Testing several oral disinfectants, including those containing a mixture of Aloe vera and
TTO, Smith et al. (2013) demonstrated that none of the mouthwashes effectively eradicated
biofilms formed from oral and bloodstream isolates MRSA.The antibiofilm effect can be
improved by increasing the concentration and exposure time [54]. Carvacrol and oregano
oil were also the subjects of the research study undertaken by Nostro in 2007. Both of
them are known for their effect on Staphylococcus strains; they showed in vitro effects
on staphylococcal biofilms, the biofilm inhibitory concentrations values have registered
at 2-4xCMI values. Dental plaque biofilm plays an essential role in oral pathology, the
etiology of dental caries, but also in contamination of dental materials surfaces, such as
those used in the implant—prosthetic rehabilitation (implants, impression materials, alloys
for prosthetic use, etc.) [55]. Due to the biofilm matrix destabilizing effect, thymol is used
in the mouthwash with anti-plaque effects [56].

Cortelli et al. (2014) noted how important could be the use of EOs (menthol, thy-
mol, and eucalyptol) for oral health by preventing the biofilm formation in patients with
prostheses [57]. In several cases, the EOs can be more efficient than cetylpyridinium chlo-
ride [58]. Haas et al. suggested that EOs can be used daily, in the long-term, for reducing
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the supragingival plaque and, thus, gingivitis [59]. Quintas et al. have shown that EOs
prevented de novo plaque-like biofilm development for 7 h after mouthwash, represent-
ing a possible alternative to chlorhexidine for the pre-surgical rinse or after periodontitis
treatments [60,61]. In a study from 2013, Erriu et al. demonstrated that the mouthwash
containing EOs compounds, such as eucalyptol, methyl salicylate, menthol and thymol,
combined with ethanol, exhibits an improved antibiofilm activity at high dilution. The
nonalcoholic mixture of EOs tested on Aggregatibacter actinomycetemcomitans strains had
better anti-planktonic behavior [62]. It was also demonstrated the benefit of association
of these EOs with xylitol in mouthrinse against S. mutans-derived biofilms, independent
of the type of treatment or age of biofilm. This is a very promising treatment for the
treatment and prevention of caries [63].The Mentha piperita and Rosmarinus officinalis EOs
proved to be effective against S. mutans, one of the main agents of dental caries. Of the
Mentha piperita EO, having a menthol concentration below 3.6% was more effectivethan
rosemary oil(containing piperitone as the main component) and chlorhexidine (at 4000 and
8000 ppm). The use of toothpaste blended with EOsindicated that lower concentrations of
the EOs were more effective than chlorhexidine [64]. The association of chlorhexidine with
EO is indicated for better antibiofilm activity in oral treatment [65].

Eugenol and citral could represent better alternatives to chlorhexidine because,
at subinhibitory concentrations, they are affecting biofilm formation and virulence of
methicillin-susceptible S. aureus, MRSA and L. monocytogenes strains, having a low-risk for
selecting resistance [66].

Bersan et al. studied the EOs (1 mg/mL) from twenty medicinal and aromatic species
on biofilms produced in vitro by different microbial strains and compared the results with
nystatin and chlorhexidine digluconate. The Aloysia gratissima and Coriandrum spp. EOs
have strongly inhibited C. albicans, Fusobacterium nucleatum, P. gingivalis, S. mitis and S.
sanguis. The C. articulates EO inhibited F. nucleatum and P. gingivalis biofilms. A. gratis-
sima (1 mg/mL or 9% concentration) inhibited the S. mitis biofilm more intensively than
chlorhexidine [67]. EOs, stannous fluoride and hexetidine associated with methylparaben
and propylparaben decreased the in vitro peri-implant biofilm mass and activity by 39% to
56% and decreased gingivitis by 59% after continuous application. These EOs have also
been shown to reduce the release of bacterial endotoxins and pathogenicity [68].

In a recent study, Marinkovi¢ et al. studied the antibiofilm efficacy of Cymbopogon
martini and Thymus zygis EOs on the multispecific biofilms of S. mitis, S. sanguinis and E.
faecalis in the root canals of extracted teeth. They found that the addition of an oil-based
irrigant to 1.5% sodium hypochlorite proved to be more efficient against biofilm develop-
ment [69]. On the other side, exposure to biocides (e.g., triclosan) can increase the S. mutans
hydrophobicity, increasing its susceptibility to EOs. Therefore, a combination of triclosan-
containing toothpaste with EOS-based mouthrinse could reduce the acidic bacteria [70]. A
good antibiofilm and anti-caries effect, comparable to that of chlorhexidine (0.12%), was
observed for a mouth rinse containing Matricaria chamomilla L. EO (PerioGard®-Palmolive).
The antibiofilm effect has been evaluated as a decrease in Colony-forming units (CFUs) for
total S. mutans, S. sobrinus and Lactobacillus sp., and the anti-caries effect has been studied
as the effect on enamel demineralization compared to phosphate-buffered saline (PBS)
solution. The authors found a mineral loss reduction by 39.4% in the case of mouthwash
containing EO from Matricaria chamomilla L., very close to that of chlorhexidine (47.4%).
The authors considered that the experimental product having Chamomile EO significantly
reduced enamel demineralization [71]. The Mentha spicata essential oil was tested for
in vitro and in vivo antimicrobial and biofilm activities on S. mutans [72].

These results suggest that rosemary EO is efficient against cariogenic oral streptococci.
Due to its major compound, eugenol, clove oil is a potent fungicidal, bactericidal and
natural anesthetic compound. The Eucalyptus EO, reach in eucalyptol, showed antibiofilm
activity against C. albicans biofilms [73]. The EOs from A. gratissima, Baccharis dracunculifolia,
C. sativum, and Lippia sidoides demonstrated a potent inhibitory activity on S. mutans biofilm,
probably due to the presence of thymol, carvacrol, and trans-nerolidol [74]. Mouthwashes
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containing Citrus hystrix leaf EO alone or in combination with chlorhexidine inhibited
the periodontopathogenic bacteria and S. sanguinis and S. mutans biofilms [75]. The EO
of B. dracunculifolia has been studied for use in dental care because it is known that this
EO inhibits the growth of S. mutans. This EO reduced the rate of biofilm after one week
of use, at the same level as triclosan, being a good candidate to be implemented in new
material for dental care [76]. Curcuma longa EO (0.5 to 4 mg/mL) inhibited the growth, acid
production and S. mutans adherence to saliva-coated hydroxyapatite beads and biofilm
development [77]. The EO extracted from seeds of the Butia capitata tree was tested on
biofilms produced by aciduric bacteria, lactobacilli, and S. mutans, comparing with three
commercial self-etching adhesives, and it was demonstrated that they were equally effective
against tested microorganisms [78].

The Coriandrum sativum EOs exhibited an inhibitory activity against C. albicans oral
isolates from patients with a periodontal disease, similar to nystatin, suggesting its promis-
ing potential for the prophylaxis and treatment of oral candidiasis [79]. The Citrus limonum
and C. aurantium EOs exhibited an antibiofilm effect comparable to 0.2% chlorhexidine
but lower than 1% sodium hypochlorite on multispecific biofilms formed by C. albicans,
E. faecalis and E. coli [80]. C. sativum EO isprobably active through its major compounds
(decanal and trans-2-decenal) that could bind membrane ergosterol, acting similarly to
nystatin and amphotericin B. C. articulatus contains a-pinene that could interfere with
cellular envelopes integrity, respiratory chain and ion transport A. gratissima and L. sidoides
EOs were bactericidal and inhibited the production extracellular polysaccharides in S. mu-
tans [81]. The C. sativum EO also inhibited the proteolytic activity of C. albicans and affected
the normal morphology of yeast cells (at 156.0 to 312.50 mg/mL concentration), probably
by affecting the membrane permeability, due to the presence of mono- and sesquiterpene
hydrocarbons [82].

3.6. EOs in Chronic Wound Infection Treatment

Wounds chronicity is often associated with biofilm development. Farnesol and xylitol
exhibited a significant inhibitory effect against E. faecalis biofilms, being, therefore, proposed
as adjuvants for the treatment of chronic wound infections or caries [83]. Notably, Anghel
et al. demonstrated the benefit of using a modified wound dressing nanofunctionalized
with magnetite nanoparticles with sustained release of S. hortensis EO (rich in phenolic
compounds, such as thymol, carvacrol, and para-cymene) against C. albicans biofilm [84].

3.7. EOs in the BAIs Treatment

BAIs are a major cause of morbidity and mortality in hospitalized patients. The
treatment of biofilm-mediated infections requires the development of new antibiofilm
strategies, which represent new scientific challenges.

When Park et al. (2007) tested the antibacterial effect of TTO on silicone tympanos-
tomy tubes, they found that all tested concentration of EO (100%, 50%, 10% in tween)
produced a reduced bacterial adherence of all MRSA strains, which may be explained
by the alteration of adherence factors present on the bacterial cell surface. The bacterial
cultures were obtained from otorrhea in patients with chronic suppurative otitis media,
and the antibiofilm effect of TTO was evaluated in comparison to vancomycin. The MRSA
exhibited a similar susceptibility to 50% TTO and vancomycin. The authors proposed TTO
as an alternative for pediatric MRSA otorrhea treatment with tympanostomy tubes [85].
Brady et al. studied the S. aureus biofilm, formed on a cochlear implant resistant to all
conventional antimicrobials, but 5% TTO completely eradicated it in one hour [86]. Re-
cently, Malic et al. studied the antimicrobial activities of TTO, comparatively to terpinene,
eucalyptol (1,8-cineole) and eugenol against p. mirabilis involved in catheter-associated
urinary tract infections, for further use to obtain modified catheter biomaterials, but they
found a reduced antibiofilm activity [87]. Previously, a study from 2010 showed that the
pomelo EO inhibited the S. epidermidis and P. aeruginosa biofilms development on soft
contact lenses in a time and temperature-dependent manner [88]. In their study, Selim
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et al. presented the Cupressus sempervirens EO inhibitory effect on K. pneumoniae cells
adherence capacity to intravenous infusion tubes made of polyvinyl chloride (PVC) at
500 pg concentration. It was observed that biomaterial surface pretreatment with EO
rendered it repellent the microbial cells, thereby reducing surface adhesion [12]. C. citratus
(at 0.5x and 0.25x MIC) and Syzygium aromaticum EOs inhibited the C. albicans clinical
and reference strains biofilms formed under static conditions in polystyrene tubes [89,90],
proposing them as an alternative to amphotericin B and fluconazole [91]. Cinnamon bark
EO (containing as major components cinnamaldehyde and eugenol) has been shown to
exhibit a potent antibiofilm on P. aeruginosa, reducing it by up to 96%. When mixed with 2%
poly(D,L-lactide-co-glycolide) (PLGA) (a biodegradable polymer), it prevented p biofilm
formation [92]. In their paper, Chmitet al. reported that they could not determine a notable
antibiofilm effect of the EO from Laurus nobilis using a S. epidermidis strain. Despite these
results, the L. nobilis EO remains in attention due to its large spectrum of activity against
pathogenic bacteria [93,94]. The medical industry is in a constant search for new materials,
but also of biocidal products, the potential applications of EOs and polymer systems attract-
ing the attention of researchers. Nostro et al. incorporated eugenol, citronellol and linalool
in poly(ethylene-co-vinyl acetate) copolymer (EVA) and tested against E. coli, P. aeruginosa,
L. monocytogenes, S. epidermidis, and S. aureus. The EO diffused through the polymeric
matrix, and the combinations EVA + citronellol and EVA + eugenol at 7% concentration
induced a 40-90% biofilm decrease [95].

3.8. EOs Used in Food Industry

In the food industry, bacteria adhere to vats, tanks and tubes, impairing food safety
and quality. Therefore, strategies are needed to inhibit biofilm formation or the elimination
of mature biofilms. Current strategies used in the food industry, such as disinfection,
surface preconditioning, ultrasonication, etc., although effective, cannot control microbial
biofilms. The quorum-sensing systems that assure a coordinate gene expression depending
on cellular density also regulating biofilm formation represent a promising lead for the
development of novel antibiofilm strategies [96]. The food-contact surfaces rise many
problems to the meat industry because of the risk of contamination with pathogenic (e.g.,
Salmonella enterica, L. monocytogenes, E. coli) ormeat spoilage bacteria (e.g., Pseudomonas
spp., Brochothrix thermosphacta and Lactobacillus spp.) bacteria, predominantly growing in
biofilms. Disinfection of the food contact surfaces is a difficult and challenging problem that
can be solved by finding new disinfectants, such as EOs [6,97,98]. To find new food preser-
vatives, detergents and sanitizers, which can be used in the food industry, Chorianopoulos
etal. tested the S. thymbra EO (1% v/v) against monospecific or polyspecific biofilms formed
by Gram-positive (S. simulans, L. fermentum, L. monocytogenes) or Gram-negative (P. putida,
S. enterica) bacteria. The strong inhibitory effect of EO on microorganisms was associated
with carvacrol and thymol compounds, acting as membrane permeabilizing agents [99].
Mentha piperita, C. citratus and Cinnamomum zeylanicum EOs inhibited S. enterica-serotype
Enteritidis biofilm development on stainless steel surfaces, for the first two EOs, after 10—
40 min [100]. Sub-MIC concentrations of cinnamon EO and cinnamaldehyde reduced the
biofilm counts at 156-234 ug/mL. Cinnamaldehyde is probably acting by inhibiting the
macromolecules synthesis and damaging the cell membrane [101]. The C. citratus EO was
also tested comparing with the T. vulgaris EO against A. hydrophila biofilm development on
stainless steel coupons in UHT skimmed milk [11]. The Thymbra capitata EO was evaluated
against both planktonic and biofilm cells of S. enterica serovar Typhimurium and proved
very efficient in comparison with benzalkonium chloride [102]. One of the proposed al-
ternatives to overcome the bacterial contamination of the food, both in suspension and in
the biofilm, can be the use of a mixture of essential components of volatile oils (thymol,
eugenol, berberine and cinnamaldehyde), to create a synergistic effect with streptomycin,
useful in controlling foodborne pathogens [103]. The antimicrobial activity of 19 EOs was
evaluated to determine their effectiveness in eliminating the pathogenic agent S. aureus
from the food processing plants. Thus, planktonic cells of S. aureus strains have shown
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increased sensitivity to volatile thyme, lemon and vetiver oils. The 48 h old biofilms of
the same strains, formed on stainless steel installations in the food industry, could not
be eliminated by the volatile oils tested, with increased efficiency of oils of thyme and
patchouli. The efficiency of thyme oil was increased by the use of benzalkonium chloride.
To prevent the emergence of resistant strains, it is necessary to combine different types of
essential oils, as well as their use in combination with various biocides [32].

3.9. EOs as Air Disinfectants

Laird et al. examined how Citri-V, a mixture of citrus EOs (orange: bergamot, 1:1 v/v),
removes Enterococcus spp. and S. aureus biofilms from then stainless steel and plastic
surfaces after aerial release in a concentration of 15 mg/L. The citrus vapors may be used
for additional decontamination if they are also used with routine cleaning, as they are less
toxic than ozone or hydrogen peroxide used for air decontamination treatments [104].

3.10. Nanoparticles with EOs Used in Controlling and Preventing Infections

Nanoparticles used in antibiofilm therapy have been intensively studied lately due
to their unique properties, helping to fight resistant infections because they can easily
penetrate the biofilm matrix and can also functionalize biomedical surfaces by coating,
impregnating or embedding, thus preventing biofilm formation [105].

The use of functionalized nanoparticles with EOs can be a method for controlling
and preventing infections associated with microbial biofilms, limiting at the same time the
consumption of synthetic antimicrobial drugs and thus, reducing microbial resistance.

Nanoparticles can be used ascontrolled and local delivery systems for EOs and also
for enhancing their activity. The development of combinations between nanoparticles and
EOs is a new research direction approached also by Chifiriuc et al., who used Rosmarinus
officinalis EO to obtain a nanobiosystem used for coating catheter surface that successfully
inhibited the adherence of C. tropicalis and C. albicans clinical strains. After 48-72 h, the
biofilm was almost absent on the surface of the coated materials [106].

As we also presented in this paper, many studies have shown the beneficial effect
of carvacrol in inhibiting microbial biofilms, attracting the attention of researchers in the
field of nanotechnology, which have tried to encapsulate this EO in PLGA nanocapsules to
obtain a new drug delivery system, that altered the architecture of the S. epidermidis biofilm
when added in the initial phases of biofilm formation [107].

The aim of a study performed by Bilcu and coworkers figured out the characteristics
resulted from combining the antimicrobial activity of three EOs obtained from Pogostenion
cablin, Vanilla planifolia and Cananga odorata subsp. with that of iron oxide@C14 nanopar-
ticles for obtaining coatings for the surfaces of medical devices. These hybrid coatings
inhibited the S. aureus and K. pneumoniae adherence and biofilm formation in both initial
and maturation (in the case of vanilla EO) phases [108].

Polylactic acid (PLA) nanoparticles with EOs can be used to design new ecological
strategies based on natural alternatives efficiently in the treatment of severe infections with
biofilms formed by pathogenic and/or resistant bacteria. PLA was combined with lemon
EO to obtain functional nanocapsules that exhibited better antimicrobial activity than PLA
alone [109]. Using a solvent evaporation method and coated with matrix-assisted pulsed
laser evaporation (MAPLE), a hybrid nanocoating composed ofmagnetite nanoparticles
functionalized with Melissa officinalis EO, PLA and chitosan, was obtained and charac-
terized. In vitro experiments revealed significant inhibitory activity of prokaryotic cell
adhesion properties [110]. New research has been effectuated on the development of na-
noemulsions containing geranium oil that demonstrated inhibitory effect against C. albicans,
C. tropicalis, C. glabrata and C. krusei biofilms, quantified by measuring the total protein
and bioluminescence. The results showed a better activity on C. albicans and C. tropicalis
biofilms. Both geranium oil and nanoemulsions containing this oil significantly inhibited
biofilm formation in all species tested on polyethylene surfaces, with nanoemulsions hav-
ing a better activity, proving that they can become an effective alternative for reducing the
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microbial adhesion on the surface of the medical devices and preventing consecutive infec-
tions [111]. For increasing its thermal stability, carvacrol is incorporated into polymers of
the type of halloysite nanotubes, which then allow subsequent mixing with the low-density
polyethylene melt. The nanocomposites exhibited antimicrobial activity against E. coli, L.
innocua and Alternaria alternate biofilms. They have proven effective and can be excellent
candidates for a wide range of applications, such as controlling microbial contamination of

food [112].

Table 1. The EOs studied in terms of microbial antibiofilm action.

Latin Name of Plant Source

Microbial Strain That

of EO Main Components of EO Produces Biofilms on Which ~ Reference
the EO Has Been Tested
Boswellia papyrifera n-octyl acetate, octanol, limonene, a-pinene, gtl;’; hrzifscoccus epidermidis (31]
Boswellia rivae verticilla-4 (20), 7,11-triene, acetate, incensole S
C. albicans
. . - . . . Aciduric bacteria
Butia capitata capric, caprylic, lauric, linoleic, myristic, oleic, Lactobacilli 78]
palmitic, stearic acids
Streptococcus mutans
Cananga odorjuta p-cresyl methyl ether, linalool, geranyl acetate, S. aureus
subsp. Genuine : . . [109]
(ylang-ylang oil) geraniol, eucalyptol Klebsiella pneumoniae
. . P. aeruginosa
%ZZ:;:‘ZS;W aromaticim cinnamaldehyde, eugenol, linalool P. putida [7]
S. aureus
Cinnamomum zeylanicum e-cinnamaldehyde Salmonella Saintpaul [102]
Citrus hystrix citronellal 5. sanguinis [75]
S. mutans
C. albicans
. . decanal, trans-2-decenal, 2-decen-1-ol, C. trop zcglzs
Coriandrum sativum C. krusei [82]
cyclodecane L
C. dubliniensis
C. rugosa
Cupressus sempervirens a-pinene, a-terpinolene, -3-carene, limonene K.pneumoniae [12]
curlone, trans-B-elemenone, germacrone,
Curcuma longa B-sesquiphellandrene, a-turmerone, S. mutans [77]
ar-turmerone, a-zingiberene
C. albicans
C. tropicalis
Cymbopogon citratus . ¢g labrqtu [89-91]
(lemongrass oil) geranial, neral, myrcene C. krusei [73]
P. gingivalis [11]
P. intermedia
Aeromonas hydrophila
Porphyromonas gingivalis
Actinobacillus
Fucalyptus actinomycetemcomitans
camalzr:tlensis eucalyptol Fusobacterium nucleatum [73]
S. mutans
S. sobrinus
C. albicans
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Table 1. Cont.

Latin Name of Plant Source

Microbial Strain That

£ EO Main Components of EO Produces Biofilms on Which ~ Reference
° the EO Has Been Tested
C. albicans
Eugenia caryophyllata biflorin, caryophyllene oxide, eugenol, eugenyl C. tropicalis
. . R L C. glabrata
(Syzygium aromaticum) acetate, ellagic acid, gallic acid, kaempferol, C. brusei [73,89-91]

(clove oil)

myricetin, oleanolic acid, rhamnocitrin

P. gingivalis
P. intermedia

acetate, eucalyptol, linalool, methyleugenol,

Laurus nobilis . S. epidermidis [93,94]
a-terpinyl
camphor, caryophyllene, eucalyptol, lavendulyl
Lavandula angustifolia acetate, limonene, linalool, linalyl acetate, S. aureus 5]
(lavender essential oil, LEO) cis-ocimene, 3-octanone, a-pinene, transocimene, E. coli
terpinen-4-ol
Matricaria chamomilla (E)-B-farnesene g S’ZZZ:;S (71]
(Chamomile EO) a-bisabolol oxide A ’ .
Lactobacillus sp.
Melaleuca alternifolia a-pinene, p-cymene, eucalyptol,terpinen-4-ol, S. mutans [52]
(tea tree oil, TTO) y-terpinene, a-terpinene, terpinolene Proteus mirabilis [87]
Melissa officinalis citrals (geranial + neral, citronellal, limonene, S. aureus
(Melissa essential oil, MEO or  geraniol, 3-caryophyllene, 3-caryophyllene E. coli [5]
lemon balm) oxide, and germacrene D :
menthofuran, menthol, menthyl acetate, .
Mentha piperita eucalyptol, menthone, a-pinene, sabinene C. albicans [34]
pp LYpLoy s ! ’ C. dubliniensis
-pinene
Mentha spicata carvone, trans-carveol, myrcenecarvyl-acetate-Z  S. mutans [73,98]
Ocimum . S. aureus
gratissimum eugenol, 1,8-cineole E coli [13]
Origanum vulgare . S. aureus
(oregano oil) carvacrol, thymol, y-terpinene, p-cymene S. epidermidis [55]
a-guaiene, 3-caryophyllene,
Pogostemon cablin d-cadinene, pogostol, (-)-patchoulol, seychellene, S. aureus
. L . [109]
(patchouli essential oil) - and K. pneumoniae
B-patchoulene
Rosmarinus qfﬁcmalzs eucalyptol, alpha-pinene, camphor, verbenone, S. sobrinus (73]
(rosemary oil) borneol
S. simulans
Lactobacillus fermentum
Satureja thymbra carvacrol, thymol, p-cymene P. putida [6]
Salmonella enterica
Listeria monocytogenes
Candida albicans
C. glabrata
Thymbra capitata carvacrol, y-terpinene, p-cymene C. tropicalis [44]
C. parapsilosis
C. guilliermondii
Thymus vulgaris .
(thyme oil) eucalyptol, camphor A. hydrophila [11]
. g ethylvanillin, 4-hydroxybenzaldehyde, methyl
Vanilla planifolia anisate, 4-hydroxybenzyl methyl ether, S. aureus [109]

(vanilla oil)

piperonal, vanillic acid, vanillin

K. pneumoniae
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Table 2. The EOs studied in terms of microbial antibiofilm action formed on a medical device or live
surface.

Latin Name of Plant Source The Support (Medical Device) on Which the

of EO Biofilm Was Studied Reference
Baccharis dracunculifolia [76]
Mentha spicata Dental biofilm [73]
Melaleuca alternifolia [52]
Cananga odorata subsp. genuine
Pogostemoncablin Catheter [109]
Vanilla planifolia
Cupressus sempervirens Intravenous infusion tube [12]
Cymbopogon citratus [11]
Thymus vulgaris Stainless steel coupons [11]
Saturejathymbra [6]
Eugenia caryophyllata
(Syzygiumaromaticum) Soft contact lenses [33]
Thymus vulgaris

Lavandula angustifolia
Melissa officinalis Urological catheter, infusion tube, surgical mesh [5]
Melaleuca alternifolia

Catheter-associated urinary tract infections [87]
Melaleuca alternifolia Cochlear implant [86]
Silicone tympanostomy tubes [85]

4. Conclusions

Essential oils represent safe and efficient alternatives for the development of novel
antibiofilm agents that could find a potential role in the medical and food industries for
infection control, especially BAIs associated with artificial medical devices, susceptible to
the formation of microbial films resistant to conventional antibiotic treatment. The great
advantage of EOs is that their usage is not likely to select for microbial resistance because
they have a complex composition and, therefore, multiple targets in the microbial cells.

An increasing idea to combat microbial biofilms is to combine the conventional an-
timicrobials with EOs, based on studies already conducted, which have shown promising
results.

Our review shows that most studies were performed in vitro, thus further in vivo
studies are necessary, as well as the elucidation of many additional therapeutic aspects,
such as EOs formulation, frequency and duration of therapy, safety issues; these aspects
need to be optimized to ensure the best possible clinical outcomes.

It cannot be neglected the potential advantage of using EOs prophylactically, and in
this context, a promising lead is to obtain bioactive nanobiocoatings containing EOs for
inhibiting bacterial and fungal adhesion and further biofilm development on the different
surface from the medical, industrial and natural environment.
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Abstract: Antimicrobial resistance (AMR) has been identified as one of the biggest health threats
in the world. Current therapeutic options for common infections are markedly limited due to
the emergence of multidrug resistant pathogens in the community and the hospitals. The role of
different essential oils (EOs) and their derivatives in exhibiting antimicrobial properties has been
widely elucidated with their respective mechanisms of action. Recently, there has been a heightened
emphasis on lavender essential oil (LEO)’s antimicrobial properties and wound healing effects.
However, to date, there has been no review published examining the antimicrobial benefits of
lavender essential oil, specifically. Previous literature has shown that LEO and its constituents act
synergistically with different antimicrobial agents to potentiate the antimicrobial activity. For the
past decade, encapsulation of EOs with nanoparticles has been widely practiced due to increased
antimicrobial effects and greater bioavailability as compared to non-encapsulated oils. Therefore, this
review intends to provide an insight into the different aspects of antimicrobial activity exhibited by
LEO and its constituents, discuss the synergistic effects displayed by combinatory therapy involving
LEO, as well as to explore the significance of nano-encapsulation in boosting the antimicrobial effects
of LEQ; it is aimed that from the integration of these knowledge areas, combating AMR will be more
than just a possibility.

Keywords: antimicrobial resistance; combination therapy; lavender essential oil; nanoencapsulation;
synergy

1. Introduction

The phenomenon of antimicrobial resistance (AMR) has escalated substantially over
the past few decades and it has been ascertained to be one of the greatest global health
crisis at present [1]. AMR can be broadly categorized into three different patterns of re-
sistance exhibited in AMR-organisms: multi-drug resistant (MDR) is defined as acquired
non-susceptibility to one agent in at least three or more different antimicrobial categories,
extensively-drug resistant (XDR) means non-susceptibility to at least one agent in all but
two or fewer antimicrobial categories (where bacterial isolates are susceptible to agents
from only one or two antimicrobial categories), and pan-drug resistant (PDR) refers to
non-susceptibility to all agents in all available antimicrobial categories [2]. Emergence of dif-
ferent strains of drug-resistant pathogens, especially in a significant proportion of hospital-
acquired infections has rendered the use of conventional antimicrobial agents ineffective
worldwide [3,4]. A specific group of MDR-organisms known as the “ESKAPEE” pathogens
which encompasses seven different bacteria: Enterococcus faecium, Staphylococcus aureus,
Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, Enterobacter spp., and
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Escherichia coli, are the leading causes of hospital-acquired or nosocomial infections [5,6].
These pathogens are also associated with a significant risk of mortality and morbidity
in hospitalized patients as a consequence of therapeutic failure, resulting in consider-
able healthcare and economic repercussions [7]. In the United Kingdom, incidences of
bloodstream infection caused by MDR-pathogens, particularly Enterobacteriaceae like
K. pneumoniae, E. coli, and Gram-positive bacteria like Enterococcus spp. in the hospitals
have steadily increased by 32% between year 2015 and 2019 [8]. Similarly, in Malaysia,
the most recent National Surveillance of Antibiotic Resistance report in 2016 has noted
significant increase in prevalence of meropenem-resistant Acinetobacter baumannii and
vancomycin-resistant Enterococcus faecium in various hospitals, resulting in poorer patient
prognosis [9]. It has been postulated that the incessant dissemination of AMR is accelerated
by many extrinsic and intrinsic factors. Inappropriate and indiscriminate prescribing of an-
tibiotics in clinical settings due to non-adherence to proper antibiotic stewardship remains
as the leading extrinsic cause of the emergence of AMR [10,11]. Other extrinsic factors such
as widespread and unregulated use of antibiotics in veterinary and agricultural sectors,
patient’s non-adherence to prescribed antibiotics and unauthorized self-prescribing of
easily-available antibiotics which are over-the-counter tended to speed up the trajectory of
AMR [12,13].

On the other hand, intrinsic resistance in bacteria to antibiotics is acquired through
inherent or mutational changes in functional or structural attributes of both the pathogens
or molecular targets. These adaptations obtained by resistant strains of pathogens are
mediated by genetic mutations in the bacteria themselves or through horizontal gene
transfer. Certain bacteria possess the ability to employ certain hydrolytic enzymes to
inhibit the intracellular binding between the drug and the target pathogen [14]. One
such example would be the production of K. pneumoniae carbapenemase (KPC) seen in
K. pneumoniae which degrades antibiotics, such as the -lactam antibiotics (including
carbapenems), aminoglycosides, and fluoroquinolones, before reaching the drug-binding
protein targets, eventually nullifying their antimicrobial effects [15,16]. Another essential
mechanism utilized by MDR-pathogens is via the presence of active drug efflux pumps,
which promotes the active transport of the antibiotics out of the bacterial cell, eventually
decreasing the intracellular concentration of the drug significantly [17,18]. Efflux pump
up-regulation is more commonly seen in Gram-negative organisms, particularly in biofilm-
producing P. aeruginosa, whereby the presence of different efflux pumps confers additional
biofilm resistance to different forms of antibiotics [19].

Therefore, due to the rapid spread and acceleration of life-threatening MDR-strains
of pathogens, there is a dire need in researching for novel yet effective antimicrobial
agents and possible alternatives involving natural products to mitigate the development
of AMR. Various natural compounds with medicinal properties have been proposed as
antimicrobial agents against MDR pathogens, especially when used in association with
conventional antibiotics [20,21]. Plant-derived metabolites such as essential oils (EOs) have
been investigated extensively for their tremendous use as antimicrobial agents [22,23]. EOs
are naturally-occurring compounds which are extracted from plants and they consist of
different small complexes which are lipophilic and highly volatile [24,25]. In recent years,
there has been a heightened emphasis on the therapeutic benefits of lavender essential
oils (LEOs) and their derivatives especially on their antimicrobial effects. LEOs (primar-
ily Lavandula angustifolia) have been shown to possess an extensive array of biological
properties such as analgesic, antimutagenic, anti-inflammatory, anxiolytic, and a range
of antimicrobial benefits [26-30]. Furthermore, combinatorial therapies incorporating the
use of EOs has been shown by numerous in vitro studies to drastically potentiate the
bactericidal effects against the MDR pathogens, which can be potential approaches in
mitigating AMR [31,32]. Such strategies can be adopted via a few different combinations:
(i) combination of different natural adjuvants (i.e., combining LEO with one or more types
of EOs), (ii) incorporation of LEO into conventional antibiotics, (iii) optimization of LEO
with inclusion of nanoparticles [33]. EOs (including LEOs) have poor oral bioavailability
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and are chemically unstable to oxygen and humidity, which may limit their application as
potential novel antimicrobial agents [34]. However, incorporation of LEOs into different
types of nanoparticle delivery systems enables a more sustained and controlled release of
the EOs, which enhances their antimicrobial benefits [35].

To date, there are limited reviews focusing on the antimicrobial benefits of LEOs and
none elucidating the antimicrobial benefits of combinatorial therapies involving LEOs. This
review aims to highlight the main antimicrobial properties that are exhibited by LEOs and
their derivatives. In addition, application of different combinatorial therapies involving
LEOs in augmenting their antimicrobial effects will be outlined, including the advantages
of nano-based approaches in potentiating the therapeutic benefits of LEOs.

2. Components of LEO with Their Respective Antimicrobial Properties

Numerous qualitative and quantitative studies, done via different methods such as
the gas chromatography, high-performance liquid chromatography and gas chromatogra-
phy/mass spectrometry analyses have been conducted extensively in the past to identify
the different constituents of LEOs [36,37]. Although there is a considerable amount of
variation in terms of the chemical composition of different LEOs due to different areas of
plant cultivation, presence of various plant genotypes and different oil extraction meth-
ods [38,39], it has been substantiated that it is the synergistic interaction from different
components in the LEO that augments its antimicrobial effects.

By and large, LEO is primarily comprised of monoterpenes such as linalool, linalyl
acetate, 3-ocimene (both cis- and trans-) and lavandulol. Other sesquiterpenes-based
compounds like 3-caryophyllene and esters, such as lavandulyl acetate, can also be found
in LEO [30,40]. Linalool and linalyl acetate constitute the highest proportion of chemical
compounds found in extracted LEOs, with percentages ranging from 20 to 40% and 25 to
50%, respectively [41]. Table 1 illustrates the main terpene and terpenoid derivatives found
abundantly in LEO that have been proven by previous studies to demonstrate promising
antimicrobial properties.

Table 1. Relative abundance of main compounds found in lavender essential oil (LEO) and their antimicrobial effects from
different quantitative and qualitative studies.

Chemical o Possible Mechanism of Action in
Components Molecular Formula Percentage (%) Exhibiting Antimicrobial Effects References
. Inhibition of bacterial growth.
Linalool CroH150 2040 Disruption of cellular membrane. [16,42]
Linalyl acetate C1pHp00, 25-50 Disruption of cellular membrane. [43,44]
B-ocimene CyoHig 3-5 Disruption of cellular membrane. [45]

Terpinen-4-ol

Inhibition of bacterial growth.
CyoH180 3-8 Disruption of cellular membrane. [46,47]
Inhibition of biofilm formation.

Eucalyptol
(1,8-cineole)

Inhibition of bacterial growth.
C10H150 1-4 Disruption of cellular membrane. [48,49]
Inhibition of efflux pumps.

Disruption of cellular membrane.

Camphor CioH160 1-10 Inhibition of biofilm formation. (50,51]
-caryophyllene Ci5Hpy 2-5 Disruption of cellular membrane. [52]
. Disruption of cellular membrane.
Geraniol CroHi50 5 Inhibition of biofilm formation. [53,54]
Lavandulyl acetate C12Hy00, 3-8 Inhibition of bacterial growth. [55]
Linalyl anthranilate C7H3NO;, 2-12 Disruption of cellular membrane. [56]
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As shown in Table 1, most of the chemical compounds found in LEO exhibits their
antimicrobial effects by destroying the lipid cellular membrane of the pathogens, causing
increased permeability to these compounds, leakage of intracellular molecules, and even-
tually irreversible cellular damage. This is possibly due to the fact that LEO and most of
its constituents are lipophilic in nature, which promotes the penetration and accumula-
tion of hydrophobic LEO into the phospholipid bilayer of the cellular membrane of the
microbes [57].

In previous studies, oxygenated monoterpenes like eucalyptol, linalyl acetate, and
linalool are associated with greater antimicrobial effects due to their lipophilic and/or
hydrophobic properties [58,59]. Therefore, it is not surprising that LEOs have been proven
to possess a broad spectrum of antimicrobial capacity against different Gram-positive and
Gram-negative bacteria, a number of fungi such as yeasts and dermatophytes and as well
as some parasites like Schistosoma spp. and Trichomonas vaginalis. The in vitro antimicrobial
activities exhibited by LEOs are screened and assessed by measuring the diameters of
zones of bacterial growth inhibition, determining the minimum inhibitory concentration
(MIC) and minimum bactericidal concentration or minimum fungicidal concentration
(MBC/MEC) levels against different pathogens. The MIC of LEO is defined as the lowest
concentration of LEO required to inhibit the growth of microbial colonies tested. On the
other hand, the MBC value of LEO denotes the minimum concentration needed to kill
99.9% or more of the pathogens, which is an indicator of LEO’s bactericidal activity [60,61].
These parameters are evaluated using common bioassays such as the disc-diffusion method,
broth macro- and microdilution assays [62]. However, the time-kill test has been found to
be the best tool to ascertain the bactericidal or fungicidal effects of LEO due to its ability to
establish the presence of any dynamic interaction between LEO and the microbes; which
can be concentration-dependent or time-dependent [62,63]. Table 2 shows the MIC values
of different clinically relevant pathogens that are obtained from a range of in vitro studies.

Table 2. Minimum inhibitory concentration (MIC) values of LEO against various pathogens obtained from different
in vitro studies.

Pathogens MIC Values (ug/mL) References
Gram-positive bacteria
Staphylococcus aureus 5.0
Listeria monocytogenes 5.5
Staphylococcus epidermidis 4.0 [33,64-67]
Bacillus cereus 25.0
Enterococcus faecalis 13
MRSA 100.0
Gram-negative bacteria
Escherichia coli 10,000.0
Klebsiella pneumoniae 10,000.0 [68-71]
Pseudomonas aeruginosa 5000.0
Proteus mirabilis 1000.0
Acinetobacter baumannii 2000.0
Fungi
Candida albicans 10.0
Trichophyton rubrum 1.0
Trichosporon beigelii 2.0 [71-74]
Cryptococcus neoformans 1000.0
Aspergillus fumigatus 3000.0

The role of LEO as an alternative antimicrobial agent warrants special attention,
particularly in clinical settings against MDR-bacteria as a few studies have reported its
therapeutic benefits against different MDR pathogens like A. baumannii and P. aeruginosa.
Sienkiewicz et al. (2014) conducted a study to evaluate the antibacterial properties
exhibited by cinnamon, geranium, and LEOs against strains of A. baumannii isolated
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from hospitals which are resistant to most conventional antibiotics, including trimetho-
prim/sulfamethoxazole, tobramycin, and tigecycline. MIC levels were determined using
the broth microdilution method and all the EOs including LEOs have been shown to exhibit
inhibitory activity against these resistant strains of A. baumannii [75]. In another study,
Nikolic et al. (2014) evaluated the cytotoxic and antimicrobial effects of EOs from five differ-
ent Lamiaceae species, including L. angustifolia through the microdilution method. Seven bac-
terial species consisting of Streptococcus pyogenes, Streptococcus mutans, Streptococcus sanguis,
Streptococcus salivarius, Lactobacillus acidophilus, Enterococcus faecalis, and P. aeruginosa, along
with fifty-eight other clinical isolates of oral Candida spp. were used in the study. All the
EOs, including L. angustifolia, have displayed significant bactericidal and fungicidal effects
against all tested microbes [76]. On the other hand, Imane et al. (2017) studied the antimi-
crobial effects of LEOs against three of the most common causes of nosocomial skin and
soft tissue infections: S. aureus, P. aeruginosa, and E. coli. From the disc diffusion test, it was
reported that LEO exhibited bactericidal effects against both E. coli and P. aeruginosa with
MBC values of 10.67 and 85.33 pL/mL, respectively [77]. Furthermore, the antimicrobial
potential and cytotoxic effects of lavender and immortelle EOs against different clinical
strains of bacteria and fungi were evaluated by Mesic et al. (2018). LEOs were found
to demonstrate significant growth inhibition against all tested Gram-positive and Gram-
negative bacteria, including MDR strains of microbes, extended-spectrum {3-lactamase
(ESBL) producing E. coli and MRSA [78].

LEO also has potent antifungal properties against a wide spectrum of different yeasts
and dermatophytes [76,78]. Multiple studies have suggested that the antimycotic properties
exhibited by LEOs are the results of inhibition of biosynthesis of ergosterol, which is one of
the vital components of plasma membrane in most of the fungi. This leads to destruction
of the fungi cell membrane and eventually, apoptosis ensues [79,80]. D’Auria et al. (2005)
reported the use of LEOs against different clinical strains of Candida albicans demon-
strated both fungistatic and fungicidal activity in a concentration-dependent manner [81].
C. albicans, which is a common opportunistic pathogen found in patients who are usually
immunocompromised, is said to exhibit its virulence and pathogenicity via the constant re-
versible transition between the hyphal and yeast form. This transition process is mediated
by the formation of germ tube and the application of LEOs was said to be able to suppress
the germ tube formation, hence slowing down the spread and progression of the fungal
infection [81,82].

Certain degree of antiparasitic benefits in LEOs were observed in a few studies,
where Moon et al. (2006) conducted a study to evaluate the antiprotozoal activities of
LEOs against Trichomonas vaginalis, the primary cause of non-viral sexually transmitted
illnesses and Giardia duodenalis or Giardia lamblia, an important cause of acute and chronic
diarrhoea found usually in contaminated food or water [83-85]. LEOs have been shown
to inhibit the growth of both G. lamblia and T. vaginalis in vitro completely, even at low
concentrations [83]. Furthermore, LEOs were shown to possess antileishmanial properties
when the use of LEOs in different concentrations were effective in inhibiting the activity of
Leishmania major promastigotes and significantly reducing the number of amastigotes found
in the macrophages [86]. Antischistosomal benefits were noticed in a study conducted by
Mantovani et al. (2013), whereby incubation with LEOs exerts considerable effects against
adult Schistosoma mansoni worms and exponentially decreases the rate of egg development
after 120 h [87].

3. Combination Therapy Involving LEO

Many in vitro studies in the past have demonstrated that the combination therapies in-
volving EOs are beneficial in potentiating their antimicrobial properties and has been count-
lessly recommended as a potential strategy in mitigating the worsening of AMR [88,89].
Combinatory therapy involving LEOs can be classified into three main forms of drug
interaction, i.e., additivity, antagonism, and synergism. Additivity or non-interaction is
said to occur when two different bioactive compounds used in combination, produces
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antimicrobial effects that are equal to the sum of the individual drugs [90]. When there is
pronounced decline in the efficacy of the combination therapy as compared to its individual
compounds, it is termed as antagonism [91]. Previous studies have hypothesized that an
antagonistic interaction occurs in combination therapy involving LEOs due to combination
of bacteriostatic and bactericidal agents at the same time, use of two compounds with
similar mechanisms of action or presence of unfavourable physiochemical properties [92].
On the other hand, synergism, which is most favourable and preferred approach of all
three, is when the combined effects of both antimicrobial agents are greater than the sum
of the effects of the two individual compounds [93]. Numerous studies involving the
combination therapy with LEOs in the past have given special attention to the presence
of synergistic interactions due to the utilization of multitargeted antimicrobial activity,
which results in marked reduction in toxicity and higher efficacy of LEOs [94,95]. Antimi-
crobial effects of LEOs can be augmented by employing a few different combinations: (i)
between different constituents of LEOs; (ii) LEOs with other EOs; and (iii) LEOs with other
antimicrobial agents.

To establish the presence of synergism between LEOs and other agents as mentioned
above, different in vitro methods are used to evaluate the antimicrobial interactions in
these combinatory therapies. However, the most commonly used techniques for synergy
prediction is the checkerboard assay and time-kill curve methods [62,96]. Checkerboard
method involves multiple combinations of LEO and other test agents in serial dilutions into
different microtiter plates. The LEO combination in which the growth of microbes tested is
completely inhibited will be the effective MIC value [97]. Data from the checkerboard assay
expresses the antimicrobial interactions of these two compounds on the basis of plotting of
isobolograms or determination of fractional inhibitory concentrations (FIC) and FIC index
(FICI) [98]. The value of FIC can be expressed and calculated using the following equation:

FIC _ MIC of LEO in combination
LEO ™ MIC of LEO when used alone

The value of FICI is obtained by addition of the FIC values of the LEO and the
other compound:
FICI = FIC g0 + FIC,ther compound % 1)

where FIC,her compound ~ MICoher compound in combination/MICoper compound when
used alone.

* other compound denotes substances like EOs other than LEO, constituents of LEO
or conventional antibiotics.

Generally, synergistic interaction is said to be achieved when the FICI is equal or less
than 0.5, additive or no interaction was seen if the FICI value was between 0.5 and 4.0 and
antagonism was portrayed when the FICI is more than 4.0 [99].

The time-kill curve method allows determination of bactericidal effects of each in-
dividual compound by measuring the number of viable inoculums in the presence of a
certain combination of antibacterial agents at multiple intervals [100]. Although it is time-
consuming and labour-intensive, time kill assay is usually deemed as the “gold standard”
in synergy prediction due to its good reproducibility and sensitivity [95].

3.1. LEO and Other Essential Oils

One of the biggest studies conducted with regard to combinatory therapy involving
LEOs and other EOs was performed by de Rapper et al. (2013), where they evaluated
the antimicrobial activity of LEO in combination with 45 other aroma-therapeutic oils
against three different microbes: S. aureus, P. aeruginosa, and C. albicans. Upon investi-
gating different ratios of different EOs in combination, FICI analysis revealed favorable
interactions, whereby 26.7% of these interactions are synergistic and 48.9% are additive.
Only one combination exhibited antagonistic effects (LEO and Cymbopogon citratus) with
FICI value of 6.7. It was also found that the most optimal synergistic interactions were
noted in combinations of LEO with Cinnamomum zeylanicum and LEO with Citrus sinensis
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when used against C. albicans and S. aureus [101]. In another study, Imane et al. (2020)
assessed the antimicrobial benefits in a formulation containing the combination of three
different EOs, which are LEO, Artemisia herba alba and Rosmarinus officialis EOs against
common wound pathogens. Disc-diffusion assay revealed the combination of these three
EOs have bactericidal effects against all the tested microbes. A synergistic effect was also
seen in this combination with FICI values ranging from 0.015 to 0.5 [102]. On the other
hand, Abboud et al. (2015) conducted a study to ascertain the antimicrobial activities of
combined LEO and Thymus vulgaris EOs against common Streptococcus and Staphylococcus
strains that cause bovine mastitis. Mixture of LEO and T. vulgaris EO has successfully
demonstrated a significant decrease in these bacterial colonies in different samples of cow
milk [103]. Orchard et al. (2019) conducted an in vitro study to assess the antifungal activity
of 128 different combinations of EOs including LEOs against topical fungal pathogens
like C. albicans and dermatophytes, which commonly cause superficial fungal infection
like onychomycosis and ringworms. Broth microdilution methods were utilized and it
was found that most of the combinations with LEOs have fungistatic or fungicidal effects
against the fungal pathogens. However, from the isobologram studies, most of the interac-
tions resulted in additivity which is slightly different as compared to previous studies [104].
Another similar study done by Cassella et al. (2002) has proven that the combination of
tea tree oil (Melaleuca alternifolia) and LEO demonstrated significant antifungal activity
against tested dermatophytes like Trichophyton rubrum and Trichophyton mentagrophytes.
Isobologram and FICI analysis further revealed that the combination of M. alternifolia EO
and LEO exhibit a synergistic antimycotic effect against both tested fungal pathogens [105].
Table 3 illustrates the FICI values of the combinatory therapy involving the use of LEOs
and other EOs.

Table 3. Synergistic effects exhibited by LEO when used in combination with other EOs from different in vitro studies.

A MIC of LEO MIC of Tested EO
E%gl?:ghoo:}‘\:: Pathogens When Used in When Used in FICI Methods Used to Presence of oo o cas
3 . 8 Combination Combination Values Test for Synergism Synergism
Essential Oils (mg/mL) (mg/mL)
Cinnamomum C. albicans 1.00 1.00 0.40 +
zeylanicum S. aureus 1.00 1.00 0.50 Che;}(e]ﬁ;bloard assay + [101]
(cinnamon) P. aeruginosa 1.00 1.00 0.53 sobologram 0
: . . C. albicans 1.00 1.00 0.42 +
s sinensi $. aureus 100 100 038 ~ Checkerboardassay + 101]
& P. aeruginosa 1.00 1.00 0.51 sobologram 0
Artemisia herba alb S. aureus 0.02 0.02 0.03 +
dr emtzsm herba a :17 L. coli 0.02 0.02 0.25 Checkerboard assay + [102]
(desert wormwood) P. aeruginosa 0.02 0.02 0.50 +
R . iciali S. aureus 0.02 0.02 0.13 +
OS”(lf"nilISl:{ﬁ)ﬂﬂ s E. coli 0.02 0.02 0.25 Checkerboard assay + [102]
osemary. P. aeruginosa 0.02 0.02 0.48 +
Allium satioum C. albicans 0.50 0.50 125 Isobologram 0 [104]
garlic T. mentagrophytes 0.13 0.13 0.23 +
Syzygium aromaticum C. albicans 2.00 2.00 1.50 Isobologram 0 [104]
(clove) T. mentagrophytes 0.50 0.50 4.35 -
Cit(us aurantium ]\chiﬁ ;88 ;88 ?88 Checkerboard assay 6 [106]
(bitter orange) P. aeruginosa 075 075 075 Isobologram 0

+ indicates synergy; 0 indicates additivity; - indicates antagonism; MRSA: methicillin-resistant Staphylococcus aureus.

3.2. LEO and Antimicrobial Agents

Several studies in the past have demonstrated mostly additive or synergistic activity
in combination therapy involving LEOs and conventional antibiotics. The incorpora-
tion of natural products (including LEOs) into different antibacterial agents in treating
MDR-pathogens has been shown to cause irreversible disruption of bacterial cell mem-
brane [107,108]. These hydrophobic compounds have the propensity to neutralize the
lipopolysaccharide (LPS), which is found in the outer membrane of most Gram-negative
bacilli. This will subsequently potentiate the bactericidal effects of the combined an-
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timicrobial agent by promoting the influx of these agents into the bacterial cell [109,110].
Yap et al. (2014) reported synergistic interactions between LEOs and piperacillin against
MDR-resistant E. coli ]53 R1 where time-kill analysis revealed complete eradication of
the bacteria. The results also indicated the LEO-piperacillin may have a role in revers-
ing the E. coli resistance to piperacillin via its anti-quorum sensing effects and ability
to alter E. coli’s outer membrane permeability [111]. A similar study was conducted
involving transcriptomic analysis on the similar strains of MDR-E. coli to identify any
presence of transcriptional changes to the MDR-E-coli genome upon the use of combi-
nation of LEO-piperacillin treatment [112]. Pathway enrichment analyses revealed that
LEO-piperacillin use causes upregulation of certain genes which affects the biosynthesis
of LPS of the bacterial cell wall and the metabolism of E. coli in diverse environments,
which increases its susceptibility to cellular destruction [112]. In another study conducted
by Kwiatkowski et al. (2020), LEO combinations with octenidine dihydrochloride (OCT),
an antiseptic agent with broad bactericidal effects were thoroughly investigated. The
efficiency of this combination against S. aureus ATCC 43300 (reference strains) and other
clinical isolates was assessed with checkerboard assays and time-kill curve methods; the
FICI was found to be between 0.11 and 0.26, indicating a strong synergistic effect. Further
Fourier transform infrared (FTIR) spectroscopy revealed that the combination of LEO/OCT
causes modification of cell wall in MRSA, augmenting the penetration of LEO/OCT into
the cells [113]. On the other hand, LEO along with the use of chloramphenicol exhibited
clear synergism against the Gram-negative P. aeruginosa, with the FICI of 0.29. Isobologram
analysis further revealed that LEO was able to interact synergistically with many of the
conventional antibiotics when combined in ratios with higher proportions of LEO. This
is probably the first huge-scaled study focusing on the beneficial effects of LEO when
used in combination with other antimicrobial agents [114]. Another study conducted by
Yang et al. (2020) detected the presence of synergistic antimicrobial effects when LEOs
are used concurrently with meropenem against carbapenemase-producing K. pneumoniae,
where MIC values of both LEO and meropenem were found to be remarkably decreased.
Checkerboard and time-kill assays revealed the FICI to be 0.31 and further proteomic
analysis revealed the combination of LEO and meropenem causes disruption of the cel-
lular membrane of K. pneumoniae via induction of oxidative stress, resulting in influx of
LEO-meropenem and other generated free radicals into the bacterial cell [115]. Other than
that, the incorporation of gentamicin into LEO exhibits markedly synergistic interactions
when used against different strains of S. aureus. In contrast, no interaction was seen when
LEO-gentamicin was used against P. aeruginosa, which coincides with findings from past
studies [116]. Table 4 illustrates the FICI values of the combinatory therapy involving the
use of LEOs and other conventional antimicrobial agents.

Table 4. Synergistic effects exhibited by LEO when used in combination with other antibiotics from different in vitro studies.

Lo MIC of LEO MIC of Antibiotics
Combination of : p
LEO and Different Pathogens ‘ghﬂ{)pseq n V(\j’her;)pse{i n VF gCI TMetthdSS Used' to I;resencg of References
Antibiotics ombination ombination alues est for Synergism ynergism
(mg/mL) (ug/mL)
Octenidine Checkerboard assay
dihydrochloride MRSA 0.12 1.71 0.16 Time-kill curve + [113]
C. albicans 3.00 0.63 1.00 0
Chloramphenicol S. aureus 2.00 031 0.75 Chefkfbl"‘“d assay 0 [114]
P. aeruginosa 2.00 0.31 0.29 sobologram +
Ciprofloxacin S. aureus 2.00 0.11 0.49 Chelckebrbloard assay + [114]
P. aeruginosa 2.00 0.04 0.74 sobologram 0
Carbapenemase-
Meropenem resistant 6.30 8.00 0.31 Ch;ckerEfilzird assay + [115]
K. pneumoniae ime-kill curve
MRSA 0.13 0.13 0.14 +
Gentamicin S. aureus 0.64 0.13 0.19 Checkerboard assay + [116]
P. aeruginosa 2.00 0.50 0.70 0
Piperacillin E. coli 1.30 0.13 0.26 Checkerboard assay + [117]
Ceftazidime E. coli 5.00 0.50 1.00 Checkerboard assay 0 [117]
Ketoconazole C. albicans 0.16 0.06 0.53 Checkerboard assay 0 [118]

+ indicates synergy; 0 indicates additivity; MRSA: methicillin-resistant Staphylococcus aureus.
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4. Significance of Nanotechnology in LEO Use

Nanotechnology refers to the emerging field of molecular studies, dealing with the
design, production, and application of materials with size ranged between 1 and 100 nm.
Previous publications have shown that the incorporation of nanoparticles into bioactive
compounds like LEOs is an effective and feasible strategy in enhancing its antimicrobial
effects as these materials may facilitate the delivery of LEOs into the cell, resulting in
higher intracellular uptake of LEOs [119,120]. Moreover, the use of nanoencapsulation
confers the ability to overcome some of the intrinsic drawbacks of LEOs mentioned pre-
viously in this review (i.e., poor oral bioavailability, highly hydrophobic and chemically
unstable when being exposed to heat, moisture, or oxygen), allowing the utilization as a
potential antimicrobial agent to be fully exploited [36,121]. Hence, over the last decade,
nano-based approaches are frequently applied in conjunction with the use of EOs in differ-
ent disciplines, including in food processing and pharmaceutical industries. The use of
nanoencapsulation involving EOs encompasses a wide variety of different nanocarriers de-
signs and materials; however, polymeric nanoparticles (i.e., chitosan and sodium alginate),
lipid-based nanoparticles (i.e., liposomes, solid lipid nanoparticles, and micro- and na-
noemulsions), and formation of inclusion complexes are some of the common nanosystem
platforms employed for the encapsulation of EOs [122,123]. To the best of our knowledge,
only a limited range of antimicrobial nanodelivery systems have been utilized into studies
involving LEO-based combinatorial therapies. In fact, there is scarcity of in vitro and clini-
cal studies investigating the antimicrobial properties of these LEOs-based nanoparticles
against clinically relevant MDR-bacteria, such as K. pneumoniae, P. aeruginosa, MRSA, and
E. coli and none reported against strains like E. faecium or A. baumannii.

One of the common nanoencapsulation strategies used in delivering LEO into the
target sites effectively and augmenting its antimicrobial effects is via the formation of
molecular complexes like cyclodextrins (CDs) and their derivatives. CDs are macrocyclic
oligosaccharide compounds with a central hydrophobic core and outer hydrophilic surface,
which plays a role in increasing the chemical stability of LEO [124]. Previous studies with
other EOs have shown that complexation with cyclodextrins allows a more sustained
and controlled release of the EOs and may potentiate their antimicrobial effects [125,126].
Yuan et al. (2019) investigated the biochemical properties and antimicrobial capacity of LEO
when encapsulated in hydroxypropyl-p-cyclodextrin (HPCD) in comparison with non-
encapsulated LEO against strains of E. coli, S. aureus, and C. albicans. Disc diffusion assay
revealed both high bactericidal and fungicidal effects exhibited by the combination of LEO
and HPCD composite against all three tested pathogens. The MIC levels of LEO/HPCD
composite against those tested microbes were considerably lower when compared to the
values obtained when using LEO or the composite extract alone. This marked growth in
biocidal activity may be attributed to the increased LEO aqueous solubility after HPCD
encapsulation, which facilitates the access of LEO into the bacterial cytoplasm and cell
membrane [127]. Similar study was done by Das et al. (2019) whereby four different
essential oils including LEO were encapsulated with randomly methylated B-cyclodextrin
(RAMEB). The findings from this in vitro study are in accordance with the results obtained
from Yuan et al., as the LEO-RAMEB inclusion complexes demonstrated remarkable
antibacterial properties against E. coli and S. aureus; the antimicrobial activities were found
to be elevated by at least two to four folds as compared with LEOs only [128].

Over the past decade, there has been a steady increase in publications focusing on
the use of various types of polymeric nanofibres as a medium for the delivery of EOs
because they demonstrated promising wound healing and antibacterial benefits [129,130].
The fabrication of these nanofibres via the electrospinning technology is considered the
most versatile and feasible process where this technique is frequently adopted by fellow
scientists [131]. Balasubramanian and Kodam (2014) incorporated LEOs into electrospun
polyacrylonitrile (PAN) nanofibrous mats where the process of electrospinning was fur-
ther facilitated by the addition of an electrolytic solution of sodium chloride with various
concentrations, ranging from 0.1% to 0.3%. The antibacterial efficacy of these LEO/PAN
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nanofibres against different strains of S. aureus and K. pneumoniae were evaluated via disc
diffusion assays and unsurprisingly, the combination of LEO/PAN exhibited clear zones of
inhibition against both bacteria with MIC value of 0.1 mg/mL, which signifies excellent an-
tibacterial activity. Cytotoxicity tests via MTT assay also revealed that the use of LEO/PAN
nanofibres results in 100% cellular viability, even at a high concentration of 200ug/mL,
which may suggest that PAN are suitable nanocarriers for medical applications with a low
risk for cellular damage [132]. On the other hand, the biosynthesis of silver nanoparticles
(AgNP) as an alternative disinfectant and antimicrobial agent has been widely described
in many studies, due to its potent bactericidal properties against both Gram-positive and
Gram-negative pathogens [133,134]. Sofi et al. (2019) engineered nanofibre-based wound
dressings where AgNP and LEOs are simultaneously incorporated into polyurethane
nanofibres. These nanofibrous wound dressings fabricated with LEOs and AgNP exhib-
ited significant bactericidal activity against different isolates of both S. aureus and E. coli.
From the in vitro tests as well, gradual increase in concentrations of both LEOs and AgNP
demonstrated larger zones of inhibition for both microbes, which may be attributed to the
presence of synergistic effects when these two components are combined together. From
studies done on other nanoparticles, the addition of AgNP to LEOs is also said to be able
to overcome the problems encountered when using polymers such as PAN and sodium
alginate nanofibres, such as the presence of narrow spectrum antibacterial properties or
low tensile strength [135]. Therefore, these LEOs-AgNP-polyurethrane nanofibres wound
dressings have a great potential in promoting wound healing and possessing remarkable
bactericidal effects against commonly seen skin pathogens.

Other forms of nanoformulations like rhamnolipid-based emulsions and inclusion of
hydroxyapatite nanoparticles are becoming increasingly popular when used in combination
with LEOs as these nanocarrier systems have been indicated to enhance the antimicrobial
potentials of LEOs [136,137]. For the purpose of this review, studies pertaining to the
antimicrobial benefits of LEOs when incorporated into different types of nanoparticles
against clinically relevant pathogens are summarized in Table 5.

Table 5. The use of LEOs in combination with different nanocarrier systems in boosting their antimicrobial activities.

Encapsulation Method Encapsulating Agent Target Pathogens Antimicrobial Activity References
Inclusion complexes Cyclodextrin S aureiis Increases LEOs aqueous
formation (HPCD, RAMEB) E. Cgll solubility, v-vh1c‘h promotes [127,128]
C. albicans penetration into cells.
o S. aureus Causes membrane disruption.
Polyacrylonitrile (PAN) K. pneumoniae Inhibition of bacterial growth. [132]
lenoﬁbre§ Causes membrane disruption.
¢lectrospinning E. coli Inhibition of bacterial growth.
AgNP + polyurethane S. aureus Exhibits synergistic (1351
antimicrobial effects.
Increases LEOs aqueous
. MRSA solubility, which promotes
Rhamnolipids C. albicans penetration into cells. [136]
Causes membrane disruption.
Nanoemulsion b & -
Refined, bleached and S. aureis Cat%s?sA membrane disruption.
. B. subtilis Inhibition of bacterial growth.
deodorized sunflower . . .9 [138]
oil (RBDSFo) E. coli Exhibits synergistic
S. enterica antimicrobial effects.
E. coli ESBL o
. Causes depolarization of
Nanoencapsulation Hydroxyapatite E coleA;;S;SZSQZ bacterial cell membrane. [137,139]
MRSA Inhibition of bacterial growth.
o . E. coli Causes membrane disruption.
Nanoprecipitation Starch nanoparticles S, aureus Inhibition of bacterial growth. [140]
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5. Current Challenges and Future Prospects

It is without a doubt that different strategies or approaches have to be adopted in
order to slow down or mitigate the acceleration of AMR. One of the main challenges
in coming up with an effective solution is that there is no “one-size-fits-all” approach
in circumventing this issue. A multitude of strategies and therapies have to be applied
concurrently in order to have the maximum therapeutic benefits due to the presence of
a multifaceted antimicrobial mechanism. LEO and its derivatives have been shown to
exhibit a broad spectrum of antimicrobial activities against many different Gram-positive
and Gram-negative bacteria, fungal pathogens, and parasites. Studies in the past have also
demonstrated the therapeutic benefits of combinatorial therapies involving LEO. However,
there is a scarcity of information regarding the pharmacokinetics and pharmacodynamics
of these combinatorial therapies involving LEO. More clinical and in vitro studies should
be done to reinforce the presence of promising synergistic interactions between LEO and
other essential oils or antimicrobial agents. Different clinical trials, including cytotoxicity
studies on these combinatory therapies should be conducted to explore the safety and
efficacy of these LEO-based formulations, with hope that these can lead to the development
of formulations which will be a safe and prospective alternative for the common antibi-
otics when used in the clinical practice in treating infections caused by MDR-pathogens.
Formulation enhancement will also enable the revival of previously sidelined antibiotics
due to growing resistance.

Furthermore, there is a heightened interest in developing novel strategies involving
nano-encapsulation of LEOs as these nanomolecules are able to compensate for the sub-
optimal physicochemical characteristics of using LEOs only. By increasing its chemical
stability and solubility in water, encapsulated LEOs have more reliable and potent an-
timicrobial effects as compared to non-encapsulated ones due to a more sustained and
controlled release of these bioactive compounds into the bacterial cells. However, there
is paucity in knowledge about the detailed mechanism on how these nanoparticles have
the capacity to potentiate the bactericidal and fungicidal effects of these LEOs. Moreover,
only a limited array of nanodelivery systems have been explored in combination with the
use of LEOs. Hence, future studies should explore the specific mechanisms of action of
these nanomolecules in augmenting the antimicrobial potentials of LEOs and possibly,
demonstrating any presence of synergism or additivity when LEOs are incorporated into
them. More emphasis should also be placed into employing a broader range of different
nanocarriers when using LEOs as a therapeutic approach in combatting AMR.

6. Conclusions

In summary, the present review has managed to highlight the importance of LEO and
its derivatives as novel antimicrobial agents due to its efficacious bactericidal effects against
many drug-resistant pathogens, which are the predominant causes of life-threatening
hospital-acquired infections. A range of different combinatory therapies involving LEOs
which are proven to exhibit potent antimicrobial benefits have been outlined, where some
of these formulations may even have the potential to reverse the resistance to common
antibiotics in certain bacteria. In addition, this review discussed the different forms of
nanodelivery system that are employed in previous research involving LEO, where these
nanocarriers have the capacity to potentiate the therapeutic benefits of LEOs. The integra-
tion of these diverse approaches may provide knowledge areas which are imperative in
mitigating the threats of AMR.
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