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ABSTRACT

lAims: The synergistic antibacterial effects of blended essential oils from Piper betle and

Methodology: GC-MS was employed for the analysis of essential oil extracted by hydro-
distillation. The synergistic antibacterial effects of blended essential oils from Piper betle and
Melaleuca alternifolia against nine different microbial strains were assayed using standard
methods including disc diffusion, agar dilution and checkerboard
Results: [Essential oil from Piper betle consisted mainly of eugenol (39.21%) followed by
other components: eugenol acetate (16.42%), 4-allyl-1,2-diacetoxybenzene (12.24%),
terpinen-4-ol (6.58%), a-cadinol (6.13%), y-terpinene (3.46%), and sabinene (2.14%).
Meanwhile, the major components of tea tree essential oil were terpinen-4-ol (49.62%),
followed by other components: y-terpinene (18.08%), a-terpinene (9.16%), p-cymene
antibacterial effects of blended essential oils from Piper betle and Melaleuca alternifolia were
recorded in seven of the nine bacteria tested, including Bacillus subtilis (FICI = 0.250%),
Enterococcus faecalis (FICI = 0.375%), Staphylococcus aureus (FICI = 0.313%), Methicillin-
resistant Staphylococcus aureus (FICI = 0.281%), Acinetobacter baumannii (FICI =
0.375%), Escherichia coli (FICI = 0.375%) and Salmonella sp (FICI = 0.375%). However,
additive effects were only observed in both Gram-negative bacteria including Klebsiella
pneumoniae and Pseudomonas aeruginosa when treated with blended essential oils
resulting in FICI value of 0.625% and 0.750%, respectively.

Conclusion: The combination of essential oils from Piper betle and Melaleuca alternifolia
exhibited more significant antibacterial effects against nine studied microbial strains than

single essential oil. Generally, Gram-negative bacteria were partly more resistant to blended
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Accordingly, the synergistic antibacterial effects were recorded in seven of the nine microbial
strains tested, whereas the additive effects were only observed in both Gram-negative
bacteria.

Keywords: Piper betle, Melaleuca alternifolia, GC-MS, synergism, antimicrobial assays.

1. INTRODUCTION

Piper betle L. (P. betle), commonly known as betel vine, belongs to genus Piper of the
Piperaceae family. Betel vine has been traditionally used as herbal medicine mainly as an
antiseptic in dental practice. Betel plants, locally known as Pann (India), Ikmo (Philippines)

or Trdu khéng (Vietnam), are popularly cultivated for their leaves in India, Sri Lanka,

Thailand and other Asian countries. ]Betel leaves, the most commonly used plant parts, are .-

widely chewed as not merely a habit practice and a custom, but also an identity of the
traditional cultural values which are known as a symbol of love and happiness. In addition,
regular chewing of a mixture of betel leaf, areca nut and lime is believed beneficial to health
and well-being in several ways such as preventing halitosis, strengthening the gum,
protecting the teeth and even improving the digestive health. Phytochemical analysis of betel
leaves from different sources of botanical origin revealed the presence of alkaloids,
glycosides, saponins, steroids, tannins, flavonoids, volatile oils, proteins and carbohydrates
[1]. |[Commercial betel leaf-based formulations are now available over the counter in
pharmacies or drug stores such as mouthwash, toothpaste, shampoo, soap, hand sanitizer
or lady care. Betel leaf essential oil (BLO) is a complex chemical mixture consisting of
approximately between 20 to 60 natural volatile compounds. These compounds mainly
belong to classes of terpenes and phenols in various proportions depending on the botanical
origin of the betel leaves. Major components of BLO include eugenol, chavicol, chavibetol,
hydroxychavibetol and safrole. Other chemical components of BLO are anethole, estragole,
linalool, caryophyllene, p-cymene, eucalyptol (1,8-cineole), estragol, sabinene, a-cadinol, y-
terpinene; . y-muurolene, a-muurolene, [(-phellandrene, germacrene-D, 4-allyl-1,2-
diacetoxybenzene [2-9]. BLO possesses a variety of significant pharmacological properties
including antiseptic, antioxidant, antiprotozoal, antifungal, antibacterial and radio-protective
properties. Nevertheless, as evidenced from previous studies, the antiseptic property of BLO
is attributed chiefly to the major constituents of BLO including chavicol, chavibetol and
eugenol. In addition, previous researches showed that BLO exhibits a broad spectrum of
antimicrobial activity against pathogenic microorganisms including Gram-positive and Gram-
negative bacteria, and fungi such as Aspergillus, Candida, Epidermophyton, Microsporum,
Trichophyton, Bacillus, Escherichia, Klebsiella, Listeria, Pseudomonas, Salmonella,

Staphylococcus or Streptococcus [3-9].

{ Comment [H6]: Citaion, need refrences

'{Comment [H7]: 17

{ Comment [H8]: 17

{ Comment [H9]: 17

{ Comment [H10]: 17




Melaleuca alternifolia (M. alternifolia), commonly known as tea tree, is a member of the
family Myrtaceae native to Australia. Tea tree essential oil (TTO), a mixture of natural volatile
compounds extracted mainly from tea tree leaves, has been widely used as an alternative
and complementary therapy for a variety of skin conditions such as acne, wounds or contact
dermatitis [10,11]. TTO possesses various significant biological activities including
antibacterial, antiviral, antifungal and anti-inflammatory properties. TTO is composed of
approximately 100 various chemical compounds. Chemical analysis of TTO reveals the
presence of terpinen-4-ol, p-cymene, y-terpinene, a-terpineol, terpinolene, a-pinene, a-
terpinene and 1,8-cineole. Other chemical components of BLO are sabinene, limonene,
aromandendrene, B-thujene, B-myrcene, B-pinene [11-15]. |As indicated from previous
literature, the antibacterial and antifungal properties of TTO are attributed mainly to terpinen-
4-ol and a-terpineol; however, a-terpineol often contributes an insignificant proportion of TTO
which is commonly accounted to form approximately between 2 and 5% of the total
exhibits a wide spectrum of antimicrobial activity against pathogenic microorganisms
including Gram-positive and Gram-negative bacteria, viruses, protozoa and fungi such as
Aspergillus, Candida, Bacillus, Enterococcus, Escherichia, Klebsiella, Haemophilus,
Mycobacterium, Probionibacterium, Salmonella, Staphylococcus, Streptococcus, Herpes
simplex zoster (HSV), Leishmania or Trypanosoma [10,11,15,16]. Nowadays, TTO is
commonly incorporated as an active ingredient of many topical formulations for treatment of
skin infectious diseases. [TTO-based cosmetics and skin care products are now widely
available over the counter in pharmacies or chemistsshops)
Plants are always regarded as potential natural sources for new drug development. Since
drug-resistant bacteria have become a global concern to public health in recent years, the
discovery of new antibiotics has always attracted considerable interest from researchers
working in several different disciplines. Potential antibacterial agents from plants can be total
extracts, fractions, pure secondary metabolites or essential oils. Contemporary dada clearly
indicated that approximately 300 essential oils have been commercially used in several
different fields ranging from folk medicine, aromatherapy to cosmetics, food preservatives

and pharmaceutical industries. [The antibacterial properties of essential oils have been

constituent mixture with complex mechanisms of action, the combination of essential oils
from different medicinal plants could be one of the potential strategies to enhance the
antibacterial effects of blended essential oils against antibiotic-resistant bacteria. In this
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regard, this study was primarily focused on investigating the potential antibacterial synergism
of blended essential oils from P. betle and M. alternifolia against nine different microbial
strains using standard microbiological assays including disc diffusion, agar dilution and

checkerboard.

2. MATERIALS AND METHODS
2.1 Plant Materials and Essential Oil Extraction

Fresh [P. betle leaves were collected from a local garden and washed several times with

running water to remove any impurities. The plant leaves were immediately ,a,ir,-,q;igq,gnq,,c,uy,,.,,4»«{ Comment [H16]: Where you identify the plant,
Name of the botanist?

into small pieces. The extraction of essential oil was carried out by hydro-distillation for 3 h
using a Clevenger-type apparatus [17]. Meanwhile, fresh M. alternifolia leaves and young
twigs were harvested from a farm in Mekong Delta and washed thoroughly with running
water to eliminate any possible contaminants. The plant materials were then air-dried and
cut into small pieces prior to the extraction of essential-eil. The plant materials were also
subjected to hydro-distillation for 2 h. Once the distillation was complete, the obtained
essential oil was dehydrated using anhydrous sedium sulphate and then stored in sealed

opaque brown bottles at 4°c until[ GC-MS analysis.] -1 Comment [H17]: How you prepare the samples

for GC/MS analysis, single, blended, Concentrations,

2.2 GC-MS Analysis

[Gas chromatography-Mass spectroscopy (GC-MS) was employed for the analysis of

obtained essential oil. |GC-MS analyses were performed using SCION SQ 456-GC equipped (,,,«»"{Comment [H18]: Remove, avoide repetion j

with a Rxi-5ms RESTEX.column (30:m x 0.25 mm x 0.25 pym). Helium was used as carrier
gas at a constant flow rate of 2smL/min. The oven temperature was initially programed at
50°C for 1 min and then increased to 80°C at 30°C/min. After that, it was increased to 230°C
at 5°C/min, and finally. to’ 280°C at 25°C/min where it was held for 3 min. The injector
temperature.was set at 250°C and the rate of Division was 1:30 [18]. Fragmentation was
done_by electron impact under a field of 70eV. The mass spectra were recorded over the

mass range of 50-500 amu with the full-scale mode at a rate of 1s/scan.

2.3 Physicochemical Analysis

fThe determination of physicochemical parameters of essential oil for specific gravity, acid
value, ester value and saponification value was performed as per standard test methods
[19]. The obtained essential oils were also subjected to organoleptic evaluation including

appearance, color, odor andtaste], | comment [H19]: Indicate the analysis is it for
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2.4 Microbial Strains

The synergistic antibacterial effectiveness of blended essential oils from P. betle and M.
alternifolia were tested against nine different microbial strains. Gram-positive species were
Bacillus subtilis (B. subtilis), Enterococcus faecalis (E. faecalis), Staphylococcus aureus (S.
aureus) and Methicillin-resistant Staphylococcus aureus (MRSA). Gram-negative strains
included Acinetobacter baumannii (A. baumannii), Escherichia coli (E. coli), Klebsiella
pneumoniae (K. pneumoniae), Pseudomonas aeruginosa, (P. aeruginosa) and Salmonella
sp. The identity of the microorganisms assayed in this research was confirmed by

morphological studies and standard biochemical tests [20].

2.5 Microbial Assay
2.5.1 AST|

Antimicrobial susceptibility testing (AST) was conducted to.investigate the sensitivity of a

carried out by applying a standardized microbial inoculum: of approximately 10° CFU/mL to
the surface of Mueller-Hinton agar (MHA) plate. Agar plates.were then incubated for 24 h at
35-37°C prior to determination of results. The AST activity was assessed by measuring the
growth inhibition zone (in millimetres, mm).The results were reported qualitatively as

dimethyl sulfoxide? (DMSO) to produce a series of decreasing concentration from 8% to
0.03125%. MHA plates were inoculated with a standardized inoculum of microbial according
to McFarland standard. The plates were then incubated at 35-37°C for 24 h. MIC value was
defined as:the lowest concentration of essential oil that completely inhibited visible growth of

the tested microorganisms [26-29].

The antimicrobial synergism of blended essential oils from P. betle and M. alternifolia
against nine selected microbial strains were evaluated by the checkerboard method followed
by the calculation of fractional inhibitory concentration index (FICI) using the formulas as
described below:

FIC of BLO = MIC of BLO in combination/MIC of BLO alone

FIC of TTO = MIC of TTO in combination/MIC of TTO alone
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FICI = FIC of BLO + FIC of TTO

The interaction was categorized as follows: Synergism as FICI < 0.5, additive effect as 0.5 <

FICI < 1, indifference as 1 < FICI £ 2, and FICI > 2 was considered to be antagonism [30-

32].

2.6 Statistical Analysis

All experiments were conducted in triplicate, and the results were expressed in terms of

Mean * Standard Error of Mean (SEM). Statistical analysis was performed by SPSS and

analysis of variance (ANOVA) with the level of significance p < 0.05.

3. RESULTS AND DISCUSSION

3.1 Organoleptic and Physicochemical Properties

Table 1: [Organoleptic and physicochemical properties of essential oils from Piper betle and

Melaleuca alternifolia] e o0 o {

Organoleptic property/

Description/Value

Physicochemical parameter BLO TTO
Appearance Oily liquid

» Immiscible in water, but soluble in non-
Solubility .

polar organic solvents
) Nearly colorless to
Color Light yellow
pale yellow

Odor Creosote-like note Camphor-like note
Taste Pungent and sharp Bitter and spicy

Specific gravity 0.97 +0.01 0.89+0.01
Acid index (mg KOH/g) 7.09£0.17 1.49+£0.16
Ester index (mg KOH/Qg) 12.05 + 0.56 16.39 + 0.16
Saponification index (mg KOH/g) 19.14 + 0.42 17.88 + 0.01

Note: The data are presented as mean + standard deviation and p < 0.05.

3.2 Chemical Composition of Essential Oil

Table 2: Chemical composition of essential oils from Piper betle and Melaleuca alternifolia

BLO

TTO

Identified compound | Quantity (%) | Identified compound | Quantity (%)

Eugenol 39.21

Terpinen-4-ol 49.62
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Eugenol acetate 16.42 y-Terpinene 18.08
4-Allyl-1,2- .

diacetoxybenzene 12.24 a-Terpinene 9.16
Terpinen-4-ol 6.58 p-Cymene 5.89
a-Cadinol 6.13 a-Terpineol 4.94
y-Terpinene 3.46 Terpinolene 3.47
Sabinene 2.14 a-Pinene 2.02
y-Muurolene 2.06 Limonene 1.34
Germacrene-D 1.65 Aromandendrene 0.99
B-Phellandrene 1.27 B-Thujene 0.69
Eucalyptol 1.21 B -Myrcene 0.64
a-Muurolene 1.17 B-Pinene 0.52
Caryophyllene 0.92

The organoleptic and physicochemical properties of essential.oils from BLO and TTO are
presented in Table 1. Although organoleptic evaluation is highly subjective, it may provide
reliable information and is helpful in evaluating .the:quality of given essential oils. The
obtained BLO is light yellow oily liquid, insoluble in;water and soluble in non-polar organic
solvents. It resembles to the smell of creosote, and with a sharp, pungent taste. Meanwhile,
the obtained TTO is nearly colorless'or pale yellow oily liquid, non-soluble in water but
soluble in non-polar organic solvents. It has a camphoraceous odor, and with a spicy, bitter
taste. As can be seen from Table 2, the essential oil from P. betle contains 13 compounds
representing approximately.95%:of the total oil. The chemical composition of BLO which was
determined by GC-MS revealed the presence of eugenol (39.21%) followed by other
components: eugenol acetate (16.42%), 4-allyl-1,2-diacetoxybenzene (12.24%), terpinen-4-
compounds:made ‘contributions less than 2% each to the total composition of essential oil.
As reported:from previous literature, the components of essential oil were influenced by
several factors, including plant species, genotypes, climatic conditions, cultivation, ages of
the plants, harvesting time, botanical origin and experimental conditions. Thus, the biological
activity of essential oil will likely vary depending on various factors, particularly the diversity
of microbial strains and the complexity of single molecules present in essential oils.
Generally, based on the most common molecules present in BLO obtained from different
parts of Asia, constituents of BLO can be classified into eight different chemotypes, including
anethole, chavicol, chavibetol, eugenol, eugenol acetate, germacrene-D, isoeugenol, and
safrole [5,33]. However, in reality, major constituents of each essential oil are attributed to
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commonly between 2 and 4 chemotypes. In this research, the obtained BLO reveals the
absence of five chemotypes including anethole, chavicol, chavibetol, isoeugenol, and
safrole. However, eugenol which has been recognized as the most powerful component
notably responsible for various biological properties particularly antiseptic potency was
accounted to compose approximately 40% of the total constituents of BLO.

On the other hand, the essential oil from M. alternifolia consists of 12 compounds accounting
for almost 97% of the total oil. The major components of TTO were terpinen-4-ol (49.62%),
followed by other components: y-terpinene (18.08%), a-terpinene (9.16%), p-eymene
(5.89%), a-terpineol (4.94%), terpinolene (3.47%), and a-pinene (2.02%). Meanwhile, other
substances contributed lower than 2% each to the total composition of ‘essential oil. TTO is a
mixture of more than 100 natural volatile compounds. The concentration ‘and chemical
constituents of TTO may be extremely variable depending on several factors such as
chemotypes, places of cultivation, climate conditions or extraction methods. Basically, TTO
has been categorized into six chemotypes; each chemotype has been characterized by
typical chemical constituents. Of which, the terpinen-4-ol chemotype is specified as type 1,
followed by terpinolene as type 2 and four 1,8-cineole chemotypes [11]. Notably, the
chemical constituents of TTO are regulated by International Standard ISO 4730:2017 for
“Essential oil of Melaleuca, Terpinen-<4-ol type (Tea Tree oil)", providing specific quantity
ranges (in percentage) of 15 major,,components among more than 100 components
identified in pure Australian TTO. Organoleptic characteristics and physical properties are
also included in ISO description. As regulated, commercial TTO products to be marketed
must be always of terpinen-4-ol chemotype, type 1, typically consisting of at least 35%
terpinen-4-ol and .eucalyptol (1,8-cineole) must be less than 10% [34,35]. In practice,
however, approximately /50% of the commercial products did not meet the 1SO
specifications.In this study, the obtained TTO reveals the absence of four 1,8-cineole
chemotypes. However, terpinen-4-ol which has been confirmed as the principal active
component:significantly responsible for various biological activities especially antibacterial
property was accounted to form approximately 50% of the total composition of TTO.
Noticeably, a comparison of constituents between BLO and TTO shows the presence of two
major compounds, namely terpinen-4-ol and y-terpinene, in both essential oils, but at
significantly different concentrations (Table 2). Nevertheless, since these two compounds
are well known as major molecules substantially responsible for antibacterial activity of both
BLO and TTO, the synergistic antibacterial efficacy may be likely variable depending on the

ratio of essential oils in combination prepared for the assays against microbial strains.



3.3 AST and MIC Values

fTable 3: AST and MIC values of essential oils from Piper betle and Melaleuca alternifolial

AST and MIC Value

Microorganism BLO TTO
AST | MIC (%) AST | MIC (%)
Bacillus subtilis + 0.125 ++ 0.500
Enterococcus faecalis ++ 0.125 ++ 0.125
Staphylococcus aureus ++ 0.125 0.500
Methicillin-resistant Staphylococcus aureus + 2.000 0.500
Acinetobacter baumannii ++ 0.125 ++ 0.125
Escherichia coli + 0.125 0.125
Klebsiella pneumoniae ++ 0.125 0.125
Pseudomonas aeruginosa + 2.000 2.000
Salmonella sp ++ 0.125 ++ 0.125

Note: susceptible (++); intermediate (+).

[The results detailed in Table 3 clearly show that BLO and TTO were found effective against
tested microorganisms to BLO and TTO.were qualitatively identified. Five microbial strains
were found susceptible to BLO and four were intermediate, whereas four microorganisms
were confirmed susceptible to TTO and five were intermediate. MIC values of both BLO and
TTO were varying between 0.125% and 2.000%. BLO was able to powerfully inhibit the
growth of B. subtilis, E. faecalis, S. aureus, A. baumannii, E. coli, K. pneumoniae and
Salmonella sp with the same:lowest MIC value of 0.125%, whereas both MRSA and P.
aeruginosa displayed the least sensitivity to BLO with the same highest MIC value of
2.000%. TTO, on the other hand, efficaciously inhibited the growth of E. faecalis, A.
baumannii;=E. coli, K. pneumoniae and Salmonella sp with the same lowest MIC value of
0.125%: TTO also'showed potent inhibition against B. subtilis, S. aureus and MRSA with the
same MIC value of 0.500%. Among nine bacteria tested, however, P. aeruginosa exhibited
the lowest sensitivity to TTO with the highest MIC value of 2.000%.

l

Numerous studies have been conducted on elucidating the mechanisms of action of

variety of factors, including the characteristics of essential oil chemotypes, the quantity of
major single chemical constituents present in essential oils and the diversity of microbial

oil against various microorganisms. As reported from previous literature, most of the
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researches were mainly involved in the physicochemical properties of pure single molecules
constituents, plant essential oils are not true oils, because they are not composed of lipids.
Instead, essential oils truly possess a complex mixture of naturally occurring volatile
compounds, mainly consisting of terpenoids, phenolics and phenylpropanoids. [These
compounds, being hydrophobic molecules, are capable of achieving a potent binding affinity
to different lipophilic molecular structures such as lipids, proteins, lipoproteins, glycoproteins
or glycolipids. It has been previously reported that numerous components present in various
essential oils have been identified as key molecules responsible for biological activities and
subsequently subjected to investigating the antibacterial mechanism of action [36-41]. As
scientifically reviewed elsewhere, in general, the most commonly possible antibacterial
mechanism of essential oils is involved in the bacterial cell wall and plasma membrane
compositions which are identified as the main target sites of essential oils. Owing to the
hydrophobicity nature of key constituents present in essential oils, hydrocarbons are capable
of partitioning into the cell wall and cytoplasmic membrane of microorganisms. Different
molecules present in essential oils may have different interactions with cell plasma
membrane with regards to the types of interactions and strengths of binding affinity.
Therefore, the disturbance of cell plasma membrane integrity and permeability may be likely
to cause negative impacts in several different ways which can be briefly described as
follows: (1) the leakage of essential metabolites; (2) efflux of RNA and DNA from the
cytoplasm; (3) loss of vital ions such as Na*, K, Ca®* or Mg®*; (4) depletion of proton pumps
in the plasma membrane; (5) depletion of ATP during biosynthesis; (6) disruption of cell
respiration; (7) inactivation of various bacterial enzymes such as ATPase, amylase, histidine
carboxylase or protease; (8) turbulence of electron transport system; (9) coagulation of
cellular components in the cytoplasmic membrane; (10) blockage of protein expression; (11)
inhibition of nucleic acid synthesis and function or (12) inhibition of the production and
secretion of toxic bacterial metabolites [42-49]. These series of events may be responsible
for a number of serious sequelae. Finally, a consequence of any of these impairments may

be induction of bacterial cell lysis and cell death.

Moreover, the complexity of antibacterial mechanism of essential oils is even attributed to
the difference in susceptibility of Gram-positive and Gram-negative bacteria to a variety of
essential oils. In general, Gram-negative bacteria exhibit more natural resistance to various
types of essential oils than Gram-positive strains due to the difference in the cell membrane
structures and compositions. Gram-negative bacteria possess hydrophilic lipopolysaccharide
(LPS)-based outer membrane which play a key role in structural integrity of the bacterial cell
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membrane and also considerably contribute to the negative charge of the cell membrane on
the basis of negatively charged carbohydrates and phosphates bonded in the
polysaccharides. A thick layer of LPS which is surrounding the cell wall of Gram-negative
bacteria establishes a physical barrier limiting the diffusion of macromolecules and
hydrophobic compounds, thereby facilitating more resistance to the lypophilicity nature of
essential oils. In contrast, Gram-positive cell wall is mainly composed of peptidoglycan, but
lack of lipopolysaccharides, which may be likely more vulnerable to essential oils and their
components. It should be noted, however, there has been no general principles relevant to
properly assessing Gram susceptibility. Practically, some studies have shown no significant
difference in susceptibility between Gram-positive and Gram-negative bacteria to essential
oils and their components; even in some cases, Gram-negative strains were found greater
susceptible than some Gram-positive species to certain essential oils and their constituents.
Such conflicting studies may gain considerable attention from researchers in various fields
and even trigger more investigation for further understanding the antibacterial mechanism of
action of essential oils and their components [50-52]. It is noteworthy to know that some
essential oils may be capable of inhibiting the cell-cell signal communication between
bacterial cells. This communication, commonly known as quorum sensing, is one of the vital
biochemical processes in the biofilm formation. The biofilm is typically composed of a
complex mixture of highly polar biomolecules mainly consisting of proteins, nucleic acids and
polysaccharides from resident bacteria. The biofilm formation is best known as part of
microbial action against antibiotics, owing to the formation of physical barriers to limit the
infiltration of antibiotics. Therefore, the inhibition of biofilm formation could be one of the
capacities of various potential essential oils in fighting against bacterial infections.
Noticeably, the antibacterial mechanisms of eugenol and terpinen-4-ol have been intensively
investigated using relevant modern techniques, such as scanning electron microscopy
(SEM), transmission electron microscopy (TEM), confocal laser scanning microscopy
(CLSM) or measurement of release of 260-nm absorbing materials and proteins. By such
means, the physiological and morphological changes have been observed and the
biochemical parameters have been recorded. Generally, the antibacterial mechanism of both
components against various pathogenic microorganisms might be likely related to the
disruption of cell wall and the damage of cytoplasmic membrane. Additionally, eugenol was
able to cause the leakage of intracellular components and effectively inactivated various
bacterial enzymes such as ATPase, amylase, protease or histidine carboxylase. Terpinen-
4-ol, on the other hand, could strongly induce the release of Ca*", Mg* and enzyme lactate

dehydrogenase (LDH); and powerfully inhibited the synthesis of protein, DNA and ATPase.



Furthermore, both components were found to be capable of effectively inhibiting the biofilm
formation resulting in increased number of dead cells [36-41,53-64].

)
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) MIC (%) FIC (%)
. . Essential .
Microorganism oil Interaction
MIC MIC in FIC FIC FiCI
alone combination BLO 11O
BLO 0.125 0.0156
Bacillus subtilis 1/8 MIC 1/8 MIC 0.250 Synergistic
TTO 0.125 0.0156
_ BLO 0.125 0.0313
Enterococcus faecalis 1/4 MIC 1/8 MIC 0.375 Synergistic
TTO 0.125 0.0156
BLO 0.125 0.0313
Staphylococcus aureus 14 MIC | /16 MIC | 0.313 Synergistic
TTO 0.500 0.0313
icillin-resi BLO 2.000 0.0625
Methicillin- resistant 132MIC | LAMIC | 0281 | Synergistic
Staphylococcus aureus TTO 0.500 071250
BLO 0.125 0.0313
Acinetobacter baumannii 1/4 MIC 1/8 MIC 0.375 Synergistic
TTO 0.125 0.0156
o ) BLO 0125 0.0313
Escherichia coli 1/4MIiC | U8 MIC 0.375 Synergistic
TTO 0.125 0.0156
) ) BLO 0.1250 0.0625 "
Klebsiella pneumoniae 1/2 MIC 1/8 MIC 0.625 Additive
TIO 0.125 0.0156
. BLO 2.000 1.0000 "
Pseudomonas aeruginosa 1/2 MIC 1/4 MIC 0.750 Additive
TTO 2.000 0.5000
BLO 0.125 0.0313 o
Salmonella sp 1/4 MIC 1/8 MIC 0.375 Synergistic
TTO 0.125 0.0156

The combination iof BLO and TTO exhibited significant results as detailed in Table 4.
Synergistic:antibacterial effects of blended essential oils from P. betle and M. alternifolia
against nine different microbial strains showed the considerable reduction in MIC values of
both BLO and TTO at different levels, resulting in FICI values varying between 0.250% and
0.750%. In general, the blended essential oils from P. betle and M. alternifolia reduced the
MIC values of BLO and TTO by 2-32-fold, as gains. There was an 8-fold reduction in MIC
value for B. subtilis, 2-4 fold for P. aeruginosa, 2-8 fold for K. pneumoniae, 4-8 fold for E.
faecalis, A. baumannii, E. coli and Salmonella sp, 4-16 fold for S. aureus, and 4-32 fold for
MRSA. Meanwhile, the synergistic antibacterial effects of blended essential oils from P. betle

and M. alternifolia were recorded in seven of the nine bacteria tested, including B. subtilis



(FICI = 0.250%), E. faecalis (FICI = 0.375%), S. aureus (FICI = 0.313%), MRSA (FICI =
0.281%), A. baumannii (FICI = 0.375%), E. coli (FICI = 0.375%) and Salmonella sp (FICI =
0.375%). In contrast, additive effects were observed in both Gram-negative bacteria
including K. pneumoniae and P. aeruginosa when treated with blended essential oils
resulting in FICI value of 0.625% and 0.750%, respectively.

The combination of essential oils has been explored historically for hundreds of years for
both aromatic and therapeutic benefits. Aromatherapy, one of the most popular alternative
and complementary therapies, isthe practice of blending essential oils topically and
aromatically for overall health and well-being. However, there has been not enough scientific
research to elucidate their effectiveness in human health. In recent years, numerous efforts
have been made to exploit the combination of essential oils in various different fields
including cosmetics, food preservatives and pharmaceutical industries. In general, the
combination of essential oils has been primarily focused on enhancing the therapeutic
efficiency and minimizing the dose of essential oils, thus decreasing the toxicity and adverse
reactions. In addition, the interactions between molecules may enhance the solubility and
dissolution rate leading to the potential development of new dosage forms and possible
improvement of bioavailability. There has been currently an increasing demand for
synergistic antibacterial effects of blended essential oils due to not only increasing antibiotic-
resistant bacteria at an alarming rate over the last decade, but also negative concerns
regarding safety in use of synthetic chemical-based drugs. As mentioned above, the mode of
action of individual essential oil has been partially elucidated; however, the mechanism of
action of multiple essential oils basically remains unclear, owing to the limited numbers of
investigation on the synergistic antibacterial effects of combined essential oils. The
diversified and complicated nature of phytoconstituents of essential oils and the complexity
of chemical molecules present in blended essential oils would be a big challenge in
elucidating the mechanisms of action. Different chemical molecules may possess different
characteristics with regards to chemotypes, ring structures, functional groups, physical and
chemical properties. As a result, bioactive compounds may have different mechanisms
acting on various different target sites. Thus, it is difficult to predict the synergistic
antibacterial effects of blended essential oils against various microbial strains. As
scientifically reported elsewhere, numerous studies have been conducted on the synergistic
antibacterial effects of essential oils blended with other available substances including
commonly used antibiotics, and plant-derived components (such as plant extracts, essential
oils or single molecules isolated from plants) [65-76]. In principles, the interactions between
components from essential oils may lead to antagonistic, indifferent, additive or synergistic



effects. Therefore, microbiological assays would be helpful in not only determining the
potency of antibacterial synergism of blended essential oils but also considerably
contributing to the elucidation of antibacterial mechanism of action. In this investigation,
neither indifferent nor antagonistic effect was detected in any of tested combination of BLO
and TTO against nine microbial strains selected for the assay. Instead, the combination of
BLO and TTO has demonstrated the powerful synergistic antimicrobial effectiveness against
seven of the nine studied microbial strains. Of the seven interactions synergistically
detected, four strains were Gram-positive and three others were Gram-negative bacteria. It
is noteworthy to know that additive effects were only detected against both Gram-negative
bacteria including K. pneumoniae and P. aeruginosa. This result might partly support the
postulation on the difference in susceptibility of Gram-positive and Gram-negative bacteria to
antimicrobial agents. Noticeably, among five Gram-negative bacterial strains tested, P.
aeruginosa was found to be intermediate to both single BLO and TTO with the same highest
MIC value of 2.000% (Table 3), apparently confirming the considerable variation of both lipid
and polysaccharide components in LPS which may be likely attributed to the notable
difference in genera and species of Gram-negative bacteria involved; and even in some
cases, to the presence of particular bacterial strain factors. Furthermore, these findings were
even consolidated by previous researches as P. aeruginosa was also found to be less
susceptible to both single BLO and TTO [77-81], thereby partially reflecting the complexity of
natural constituents of essential oils and the diversity of biological system of living
microorganisms, especially the characteristics of bacterial cell wall and cytoplasmic
membrane and the proper function of outer membrane and LPS of Gram-negative bacteria
in facilitating resistance against hydrophobicity nature of various molecules present in

essential oils.

4. CONCLUSION

[Overall, the combination of essential oils from Piper betle and Melaleuca alternifolia had
more significant antibacterial effects against all of the nine studied microbial strains than
single essential oil. The synergistic antibacterial effects were recorded in seven of the nine
microbial strains tested, whereas the additive effects were only observed in both Gram-
negative bacteria including Klebsiella pneumoniae and Pseudomonas aeruginosa. This
promising research scientifically contributes to the herbal medicine database system and
promotes the significant potential of synergistic antibacterial efficacy of blended essential oils
from BLO and TTO that might be exploited for the development of plant-based therapeutic
agents for the topical treatment against skin infectious diseases. Nevertheless, further

studies are necessary to investigate comprehensively the possible synergistic effects of



blended essential oils from BLO and TTO against not only other bacteria but also various
microorganisms such as viruses, fungi, yeasts, molds or protozoa. Furthermore, the
synergistic interactions need to be characterized at a molecular level for a better
understanding of the synergistic mechanism, which would be core fundamentals of
biochemistry and molecular biology for future research)|
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