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Abstract

In this study, nanoemulsion of Mentha spicata L. essential oil (MSEQO) was successfully formulated and characterized.
The chemical composition of MSEO was analyzed by gas chromatography-mass spectrometry. MSEO nanoemulsion was
prepared by ultrasonication method and mixing the MSEO (10% w/w) with surfactant (5% w/w) and water (85% w/w).
Damaging effect of MSEO nanoemulsion was evaluated on the cell membrane of common foodborne pathogens (Salmo-
nella Typhimurium, Staphylococcus aureus, Escherichia coli, Bacillus cereus, and Listeria monocytogenes) using scanning
electron microscopy and it was compared with free oil. Also, the activity of MSEO nanoemulsion was studied on the growth
behavior of bacteria during storage at 35 °C for 72 h. The antioxidant activity of pure oil was compared with its nanoemul-
sion using 2,2-Diphenyl-1-picrylhydrazyl. The mean droplet size (51.46 nm), Polydispersity index (PDI) value (0.296), and
Zeta-potential (— 13.2 mv) of oil nanoemulsion were determined. The bacterial cells were remarkably disintegrated and the
levels of cell membrane damages by nano-encapsulated oil were higher than free oil. The activity of MSEO nanoemulsion at
sub-inhibitory concentrations against the growth behavior of pathogenic bacteria was better than pure oil. Also, the radical
scavenging activity of oil was significantly (p <0.05) increased after incorporation into nanoemulsions and the IC, value
was decreased by 17.05 +0.03%. In the present study, a food-grade nanoemulsion of MSEO was successfully produced by
the ultrasonic emulsification method. The results demonstrated that nanoemulsions containing MSEO can be used, as a
promising natural preservative, to increase the shelf life of food products and beverages.
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Introduction

Foodborne diseases caused by pathogenic bacteria remain a
challenge for food safety and public health, which imposes
many financial losses to societies annually [1, 2]. The patho-
genic microorganisms such as Salmonella spp., Staphylococ-
cus aureus, Escherichia coli, Listeria monocytogenes and
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Bacillus cereus can affect the quality of foods, representing a
serious risk to human health in terms of foodborne infections
and intoxications [3—5]. On the other hand, oxidative reac-
tions have been known as one of the main causes of deterio-
ration leading to the decrease in the quality of food products
[6, 7]. Oxidation of lipids and proteins can negatively affect
the color, flavor and overall quality of food products.

The chemical preservatives with antimicrobial and anti-
oxidant activities are usually used by producers to improve
the safety of food products [8, 9]. Nowadays, the increas-
ing of the consumers’ awareness about the potential health
risks of synthetic preservatives have increased the trends in
the use of plant-based antimicrobial and antioxidant com-
pounds as natural preservatives. Essential oils (EOs) have
been recognized as a class of natural preservatives, and their
antimicrobial and antioxidant effects have been shown in the
literature [10-14]. EOs are secondary metabolites of plants
that can be extracted from various parts of plants such as
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roots, seeds, leaves, flowers, peels and fruits [2]. The EOs
are aromatic hydrophobic liquid products, composed of
many volatile and nonvolatile natural compounds [4, 5].
Among the wide range of components in EOs, the phenolic
compoundsare thought to be responsible for their antioxidant
and antimicrobial properties [2, 15].

The poor solubility of EOs in water, susceptibility to
oxidative degradation, high volatility and intensive flavor
has limited their usage in food products [2, 15, 16]. There-
fore, finding a solution to these challenges can increase
their usage in the food industry. Nowadays, emulsion-based
technology has been emerged to consolidate hydrophobic
compounds like EOs in a water system [17]. This system
can improve the solubility of hydrophobic compounds, help
to their homogeneous dissipation all over the food matrix,
and increase their physical stability, as well as enhance their
antimicrobial and antioxidant activities [10]. The other ben-
efits of this system are the controlled release of their active
ingredients and the prevention of the loss of volatile com-
pounds [5, 18, 19].

Recently, nanoemulsions have gained much attention due
to some advantages over conventional emulsions. Nanoe-
mulsion is a colloidal system with monodisperse particles
that is kinetically stable [20]. Oil-in-water nanoemulsion
consisted of oil droplets in nanometric sizes (10 to 100 nm
in diameter) dispersed in an aqueous solution, presenting as
transparent or slightly turbid liquid [21-23]. Nanoemulsions
are commonly prepared by a surfactant or co-surfactants (to
stabilize the oil droplets in aqueous phase) and a special
instrument (for example a sonicator, micro-fluidizer, high-
pressured homogenizer, and high shear homogenizer) [2,
5,17,23].

Nanoemulsions have many beneficial effects for the incor-
porated materials such as improving the physicochemical
properties, increasing the stability, enhancing dispersion of
oil droplets in water, improving their efficiency by increas-
ing the contact surface area, masking the smell or taste of
incorporated compounds and thus lowering their effect on
the organoleptic properties of food [20, 24].

Thus, design of an effective nanoemulsion-based delivery
system to encapsulate EOs and investigate how this system
can affect their antimicrobial and antioxidant properties is
very important.

Mentha spicata L. (M. spicata) (Spearmint), an aromatic
plant (Lamiaceae family), is one of the most commonly used
fresh herb ingredients and flavoring agents in food products.
Also, this plant is used in traditional medicine to treat nau-
sea, bronchitis, anorexia and liver disorders due to its anti-
inflammatory, anti-spasmodic, anti-spasmodic and stimulant
properties [25-27]. The radical scavenging activity of M.
spicata and its antimicrobial properties have already been
reported [28, 29]. However, the effect of its incorporation
into nanoemulsion has not been investigated on the levels of
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above activities. The present work aimed to study the antimi-
crobial effect of pure EO and its nano-emulsified form on the
most important food-borne pathogens such as Salmonella
Typhimurium, Staphylococcus aureus, Escherichia coli, Lis-
teria monocytogenes, and Bacillus cereus. Their effect was
studied on the growth behavior and cell membrane of the
treated microorganisms in broth culture medium. The anti-
oxidant effect of pure oil was compared with its nanoemul-
sion. Also, the characterizations of nanoemulsion containing
Mentha spicata L. essential oil (MSEO) such as mean par-
ticle diameter, polydispersity index (PDI) and zeta potential
were determined.

Materials and methods
Extraction of essential oil

Aerial parts of M. spicata were collected from agricultural
farms in the northwest of Tabriz city (Latitude: 38° 06’ N,
Longitude: 46° 14" E, Altitude: 1338 m) (East Azerbaijan
province, Iran) during the summer season of 2020. Soil
properties were as follows: Clay: 52.60% Silt: 34.32%, Sand:
10.08%, Electrical conductivity: 24.90 ds/m, pH 7.63, Lime:
10.40%, Available phosphorus: 10.80: mg/kg, Total nitro-
gen: 0.07%, Organic carbon: 0.78%. The taxonomic iden-
tification of plant was performed in the laboratory of Her-
barium, Faculty of Pharmacy, Tabriz University of Medical
Sciences. The leaves of the plant were separated from the
stems.They were fully dried in shadow at room tempera-
ture and ground in a grinder with a 2 mm diameter mesh.
To extract the EO, dried powder of leaves was subjected
to steam distillation in a Clevenger-type apparatus for 3 h.
The extracted EO was further dried using anhydrous sodium
sulfate. The EO was filtered and stored at 4 °C until used for
the next analyses.

Chromatographic analysis of essential oil

The composition of MSEO was analyzed using HP-6890
gas chromatography (Agilent Technologies, United States)
equipped with a DB-624 column (30X 0.25 mm ID, 0.25 pm
film thickness) and an HP-5973 mass detector. The oven
temperature was set at 60 °C and held at this temperature for
3 min. Then, it was increased to 220 °C at a rate of 5 °C/min
and held under isothermal conditions for 1 min. The injector
temperature was 250 °C. The carrier gas was helium (flow
rate: 1.2 ml/min) and the split ratio was 1:4. The electronic
ionization energy was set to 70 eV. The injection volume
of sample was 1 pL of diluted oil in hexane. The compo-
nents of EO were identified based on their relative retention
time (RI) [relative to n-alkanes (C8—C24)] and mass spectra
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fragmentation (using the NIST-MS and WILEY-MS librar-
ies as well as literature data). The percentage of each EO
component was calculated from GC peak areas.

Preparation of nanoemulsion

Oil-in-water nanoemulsion of M. spicata was prepared
according to the method of Bhargava et al. [30] and Yazgan
et al. [31] with minor modifications. The nanoemulsion of
MSEO was prepared by mixing the EO (10% w/w) with
Tween 80 (5% w/w) and water (85% w/w). The initial emul-
sion was formed using a magnetic stirrer (IKA, Germany)
at 250 rpm for 10 min. The mixture was homogenized by
an ultrasonic homogenizer (Hielscher, UP200H, Germany)
for 15 min at an amplitude of 40%, output power of 200 W
and ultrasound frequency of 24 kHz. During the sonication
process, increase in the temperature of nanoemulsion was
prevented using ice around the beaker.

Properties of nanoemulsion

The mean droplet size of the nanoemulsion and the PDI
value was determined using the dynamic light scattering
technique (Nano-ZS Zetasizer, Malvern, UK). To mini-
mize the multiple scattering effects, the nanoemulsion was
diluted with deionized water in the ratio of 1:30, before each
experiment. Also, the Zeta potential of EO particles was
detected by the electrophoretic mobility technique (Zetasizer
Nano-ZS, Malvern, UK). The results were calculated as the
mean + standard deviation from three different experiments.
All measurements were carried out at 25 °C.

Test microorganisms

The antimicrobial activity of MSEO was tested against the
most important food-borne pathogenic bacteria such as
Bacillus cereus (ATCC 11778), Listeria monocytogenes
(ATCC 19118), Salmonella enteric subsp. enteric serovar
Typhimurium (S. Typhimurium) (ATCC14028), Escherichia
coli (ATCC 8739) and Staphylococcus aureus (ATCC 6538).
All strains were purchased as lyophilized cultures from the
Iranian Research Organization for Science and Technology
(Tehran, Iran). The lyophilized bacteria were cultured twice
in Brain heart infusion (BHI) broth (Merck, Darmstadt, Ger-
many) at 35 °C for 18 h. The bacterial cultures were streaked
on BHI agar (Merck, Darmstadt, Germany) slants and incu-
bated at 35 °C for 18 h. The bacterial cultures were stored in
a refrigerator at 4 °C and subcultured monthly.

Preparation of bacterial inocula

To prepare bacterial inocula, the cells were transferred
from working cultures to BHI broth. The cultures were

incubated at 35 °C for 18 h. Secondary subcultures were
also prepared and incubated at the same condition. The
absorbance of bacterial cultures was adjusted to an opti-
cal density (OD) of 0.1 at the wavelength of 600 nm using
a UV/VIS spectrophotometer (Unico 2100, Dayton, NJ,
USA). Serial dilutions (tenfold) of these cultures were pre-
pared, and bacterial counts were determined by duplicate
plating on BHI agar after incubation at 35 °C for 24 h.

Detection of minimum inhibitory concentration
(MIC) and minimum bactericidal concentration
(MBC) against foodborne pathogenic bacteria

The antimicrobial effect of EO and its nanoemulsion was
investigated by detection of their minimum inhibitory con-
centration (MIC) and minimum bactericidal concentration
(MBC) against pathogenic food-borne bacteria. MIC and
MBC of EO and its nanoemulsion were determined by
the broth dilution method. Briefly, serial dilutions of EO
(0.5-10 uL/mL) were prepared in tubes of BHI broth. Each
bacterial suspension was inoculated into the tubes with a
final concentration of 1x 103 CFU/mL. Tubes of positive
control (bacterial suspension in BHI broth) and negative
control (BHI broth containing Tween 80) were also pre-
pared. Finally, all tubes were incubated at 35 °C for 24 h.
The MIC value was defined as the lowest concentration of
EO that prevented the visible growth of bacteria after incu-
bation. For detection of MBC, 100 pL from each negative
test tube was subcultured on the surface of plate count agar
(PCA) plates and incubated at 35 °C for 24 h. The lowest
concentration of EO that results in no visible colonies on
PCA plates was defined as MBC.

Evaluation of the growth behavior of bacteria

The antimicrobial properties of MSEO and its nanoemul-
sion were also studied by analysis of their effect on the
behavior of pathogenic bacteria in broth culture during
incubation at 35 °C for 72 h. Briefly, the tubes (10 ml) of
BHI broth containing sub-MIC levels (25, 50 and 75% of
MIC) of pure EO and nanoemulsion were prepared. The
selected bacteria were inoculated in the tubes at the final
dose of 1x 10° CFU/ml. The tubes were incubated at 35 °C
with aeration. The bacterial growth in the culture medium
was analyzed after 0, 18, 24, 48, and 72 h of incubation.
For this purpose, serial dilutions of BHI cultures were
prepared using 0.1% peptone water at the selected times.
One hundred (100) uL of the prepared dilutions were cul-
tured on the surface of nutrient agar plates and incubated
at 35 °C for 24 h. The counts of bacteria were calculated
as log,, CFU/mL [32].
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Investigation of cellular damage using scanning
electron microscopy (SEM)

To compare the activity levels of EO and its nanoemulsion
against bacterial cell membranes, the study was carried out
based on the method described by Zhang et al. [33]. All
tested microorganisms (each approximately 10® CFU/ml),
were treated (in the logarithmic growth phase) with each
MIC value of pure EO and its nanoemulsion. After incuba-
tion at room temperature for 3 h, bacterial cultures were cen-
trifuged at 5000xg for 10 min. The cells were separated and
washed twice with phosphate buffer solution (PBS) (0.1 M,
pH 7.0). Then, bacterial cells were suspended in PBS solu-
tion containing 2.5% glutaraldehyde and incubated for 2 h
at—4 °C to be fixed. After incubation of samples at room
temperature for 3 h, cells were separated by centrifugation.
They were washed twice again with PBS (0.1 M, pH 7.0).
The suspensions were centrifuged, and the cells were sus-
pended into the solutions containing various concentrations
of ethanol in water (30%, 50%, 70%, 80%, 90% and 100%)
for 10 min each. After dehydration, bacterial cells were fixed
on an SEM stub and coated with gold by sputtering under
vacuum condition. The cells were observed by scanning
electron microscope (MIRA3 FEG-SEM, Tescan, Czechia).

Evaluation of antioxidant activity

The radical scavenging capacity of the EO and its nanoe-
mulsion were determined by DPPH (2,2-Diphenyl-1-picryl-
hydrazyl) [34]. Briefly, a solution of DPPH (0.004%) was
prepared in 95% methanol. Different concentrations of the
EO and nanoemulsion were prepared in methanol solution
(5 ml) of DPPH. Methanol was used as the blank solution
(methanol). Test tubes were vortexed and incubated at room
temperature in a dark place. After a period of 30 min, their
absorbance was read against the blank at 517 nm using a
UV/Vis spectrophotometer (Unico 2100, China). Radical
scavenging activity (RSA%) of samples was calculated by
the following formula:

Radical scavenging activity (RSA%) = (A — Ag)/Ac X 100

where, A is the absorbance of control sample (DPPH radi-
cal in methanol except the test compound), Ag is the absorb-
ance of test sample (DPPH radical in methanol mixed with
the test compound). The concentration of EO needed for
50% inhibition (ICs,) of DPPH oxidation was calculated
from the linear regression equation prepared from inhibition
percentage against EO concentration. A lower ICs, value
correlated with greater radical scavenging activity. The same
experiments were performed on butylated hydroxytoluene
(BHT) as a positive control.
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Statistical analysis

All experiments were performed in triplicates and the results
were presented as the mean + standard deviation. SPSS soft-
ware version 21 was used to analyze the data. Microbial
counts in different treatment groups were compared by
one-way analysis of variance (ANOVA). Homogeneity of
variances was evaluated by Levene’s test. Tukey’s multi-
ple comparisons test was used to determine the significant
differences in mean values.The difference was considered
significant when the p-value <0.05.

Results and discussion
Chemical composition of the essential oil

Since the diversity of chemical compounds of EOs has sig-
nificant effects on their antioxidant and antimicrobial proper-
ties, identification of the chemical compounds of an EO is
very important. In the present study, the EO extracted from
the aerial parts of M. spicata was viscous and yellowish
oil with a strong characteristic odor. The composition of
MSEO was analyzed by GC-MS. According to the results,
18 components were identified, representing 99.89% of the
EO. Qualitative analytical results were presented in Fig. 1.
The major components of the EO were carvone (78.76%)
and limonene (11.50%), respectively. The results of this
study about the main components of the EO were in good
agreement with findings of previous studies [35, 36, 46].
However, there were slight differences in the percentage of
EO components with other studies. These differences may
be due to several factors such as differences in the extraction
methods, weather conditions, soil composition, geographical
conditions, plant ecotype, phenophase and genotype as well
as agronomic conditions such as plant age, harvest time and
crop density [10, 46].

Properties of nanoemulsion

The prepared nanoemulsion was a homogeneous fluid with
milky-white color and typical odor of the EO. It had no sign
of instability, such as creaming, sedimentation, or phase
separation.

The diameter of droplets is an important characteristic
of a nanoemulsion, affecting its fate in in vivo conditions
[5]. Therefore, the determination of the diameter of EO
droplets in a nanoemulsion is necessary. In the present
study, the mean droplet size of MSEO nanoemulsion was
51.46 nm (Fig. 2A). Similar findings were also reported by
Noori et al. [10] for Zingiber officinale (ginger) oil nanoe-
mulsion (57.4 nm) prepared by Tween 80 and water by
ultrasonic emulsification method. In another study, Ozogul
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Fig. 1 Chemical composition of
Mentha spicata L. essential oil
determined by GC-MS analysis

. Carvone
B Limonene

B Beta-bourbonene

et al. [37] reported the mean diameter of 59.48 nm for
sage EO nanoemulsion droplets produced using Tween 80
and ultrasonic homogenization. However, a higher particle
size was reported by Bhargava et al. [30] for oregano oil
nanoemulsion (148 nm).

Since, Tween 80 has higher hydrophilic-lipophilic bal-
ance (HLB-15) than other polysorbates, it is considered as
a favorable surfactant for the preparation of oil-in-water
emulsions [38]. This surfactant is a small molecule that
can rapidly adsorb on the surface of oil droplets, result-
ing in the production of emulsion droplets with minimal
diameters as well as the improvement of formulation sta-
bility [39-41].

The polydispersity index is another important factor that
affects the properties of nanoemulsions. PDI value is defined
as the particle size distribution of the EO droplets [5]. A
small PDI (values lower than 0.3) indicates the narrow distri-
bution and uniformity of particle size in an aqueous system
[5, 41]. In the current study, the PDI value was determined
as 0.296 for the developed nanoemulsion. The low PDI of
EO nanoemulsion confirmed the effect of the ultrasonic
homogenization method in the production of homogenous
and uniformly distributed nanoemulsion. Emulsions pre-
pared by an ultrasonic homogenizer, usually contain fewer
poly-dispersed droplets and have more stability than those
produced by other mechanical devices [42, 43]. Similar PDI
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[ Menthol

B Cis-dihydrocarveol | Terpinene-4-ol
B Dihydrocarvyl acetate [l Dihydrocarveol
B Trans-caryophyllene B L-carveol

1.04%
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Hﬂl
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[l Other

1.43%
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B Trans-carveol

B Beta- myrcene
B Gamma-amorphene

value (0.27) was reported by Salvia-Trujillo et al. [44] for
the sage EO nanoemulsion. Bhargava et al. [30] reported
that the PDI value of the nanoemulsion containing oregano
EO was 0.3.

Zeta potential is commonly used for determination of
the surface charge at the interface area of the droplets. The
electrical charges of surfactants surrounded the oil drop-
lets mainly affect this index. The nature of surfactants can
be cationic, anionic, or nonionic [10]. EO nanoemulsions
formulated in the present study contained Tween 80 as a
non-ionic surfactant. Therefore, it would be expected that
the electrical charge of EO particles to be close to zero.
However, a Zeta potential of —13.2 mV was determined
for the nanoemulsion (Fig. 2B). Da Silva Giindel et al. [41]
also found a negative charge in the nanoemulsion containing
Cymbopogon flexuosus oil and Tween 80. Similar findings
have also been reported by Noori et al. [10] about the nanoe-
mulsion containing Zingiber officinale EO. Severe mechani-
cal stresses such as the ultrasonication process can led to the
release of free carboxyl and hydroxyl groups from EO which
are responsible for the negative charge of EO nanoemulsion.
So, these groups move toward the interface of oil droplets,
where they can bind with water molecules. Chemical groups
such as deprotonated alcohols (R—O-) and carboxylic acids
(R-COO-) may contribute to the negative charge on the
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Fig.2 The droplet size distribu-
tion (A) and Zeta potential (B)

Size Distribution by Number

of nanoemulsion containing 30
Mentha spicata L. essential
oil prepared by the ultrasonic
homogenization method

A Z-Average (nm) = 51.46
A PDI: 0.296
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surface of oil droplets after the ultrasonic homogenization
process.

The stability of particles in a suspension can be evalu-
ated by determination of Zeta potential. If the particles in
a suspension had highly negative or positive charges, they
will repel each other which prevents their aggregation.
When the value of Zeta potential is near zero, interactions
between particles are facilitated due to the absence of
surface charges, resulting in aggregation or flocculation
of particles. A suspension with a Zeta potential value of
higher than 30 mV is generally recognized as stable [45].

0 100 200
Apparent Zeta Potential (mV)

MIC and MBC of pure EO and its nanoemulsion
against bacteria

The antimicrobial properties of MSEO have been reported
on a wide range of microorganisms in previous studies [46,
47]. The MIC and MBC values of MSEO and its nanoe-
mulsion on five foodborne pathogenic microorganisms were
given in Table 1. The pure EO and its nanoemulsion exhib-
ited a good antimicrobial effect against all tested bacterial
strains. Tween 80 did not show bactericidal or inhibitory
activity against the bacteria tested.

Among the foodborne pathogenic bacteria, B. cereus was
the most susceptible bacteria against the bacteriostatic effect

Table 1 M.IC and MBC ‘?f pure Pure essential oil Nanoemulsion
Mentha spicata L. essential
oil and its nanoemulsion MIC (mg/mL) MBC (mg/mL) MIC (mg/mL) MBC (mg/mL)
against the selected foodborne
pathogenic bacteria Escherichia coli 6.0 7.0 2.0 3.0
Salmonella Typhimurium 7.0 8.0 2.0 3.0
Listeria monocytogenes 5.0 6.0 1.0 2.0
Bacillus cereus 4.0 6.0 2.0 2.0
Staphylococcus aureus 5.0 7.0 2.0 2.0
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Fig.3 Colony counting of Escherichia coli (A, B), Salmonella Typhimurium (C, D), Listeria monocytogenes (E, F), Bacillus cereus (G, H) and
Staphylococcus aureus (I, J): Treated with sub-MIC concentrations of pure essential oil of Mentha spicata L. (A, C, E, G and I), Treated with
sub-MIC concentrations of nanoemulsion containing essential oil of Mentha spicata L. (B, D, F, H and J)
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of MSEO with an MIC value of 4 mg/mL. The EO had a
bactericidal effect on both B. cereus and L. monocytogenes
with a MBC value of 6 mg/ml. The pure EO had the lowest
antimicrobial effect on S. Typhimurium with MIC of 7 mg/
ml and MBC of 8 mg/ml. The encapsulation of EO into the
nanoemulsion system significantly enhanced (p <0.05) its
antimicrobial activity against all tested foodborne bacteria,
where the MIC and MBC values of oil nanoemulsion were
lower than pure oil.

After the combination of nanoemulsions with the micro-
organism, some portions of the interior contents of nanoe-
mulsions discharge resulting in microbial cell lysis[2]. Low
molecular surfactants such as Tween are usually related to
the enhanced antimicrobial effect of EO [22, 48]. However,
this activity is variable depending on the type of bacterial
strain [49]. In this study, among the tested bacteria, L. mono-
cytogenes displayed the highest sensitivity to the nanoemul-
sion form of EO with the MIC value of 1 mg/mL. After
incorporation of EO into nanoemulsion, the MBC value
for E. coli and S. Typhimurium was decreased to 3 mg/mL.
The bacteriostatic and bactericidal concentrations of EO
nanoemulsion against B. cereus and S. aureus were 2 mg/
mL. These results were in agreement with the findings of
previous studies about the EOs nanoemulsions. Moghimi
et al. [50] showed that the antimicrobial activity of Thymus
daenensis EO enhanced after incorporation in nanoemul-
sion. Sundararajan et al. [51] reported that Ocimum basili-
cum L. EO nanoemulsion has lower MIC values than the
free oil against all the tested pathogens. Similar results were
also reported in the studies about the antibacterial activity
of D-limonene [33] and oregano oil nanoemulsions [30].

The encapsulation of EO in nanoemulsion systems can
improve their antimicrobial activity by the following mecha-
nisms: (1) The reduction of the size of EO droplets in nanoe-
mulsion facilitates penetration of antimicrobial compounds
and their passive transport through the outer cell membrane
of bacteria [43]; (2) the small size of EO nanoemulsion pro-
vides a larger specific surface area to interact with the micro-
bial cell [43, 53]; (3) The fusion of nanoemulsion droplets
with the phospholipid bilayer of microbial cell membrane
can improve the targeted release of EO at the target sites [43,
49]; (4) The sustained release of EO from the nanoemulsion
droplets prolongs its activity [54]; (5) The EO components
are protected against volatilization or oil degradation [41].

According to the result shown in Table 1, it can also
be concluded that the antimicrobial activity of EO and its
nanoemulsion against Gram-positive bacteria (B. cereus, S.
aureus and L. monocytogenes) was more than Gram-negative
bacteria (E. coli and S. Typhimurium). The main reason is
associated with the structural differences in the bacterial
membrane. Gram-negative bacteria have a thin layer of pep-
tidoglycan in their cell wall that is surrounded by an outer
membrane mainly of lipopolysaccharide. This membrane
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has low permeability for bioactive compounds and reactive
oxygen species (ROS) [55]. In confirmation of our results,
Shahbazi [46] reported that the Gram-positive food-borne
pathogenic bacteria were more susceptible to MSEO than
Gram-negative bacteria. Also, Noori et al. [10] found that
the antimicrobial effect of Zingiber officinale EO nanoe-
mulsion on Gram-positive bacteria was higher than Gram-
negative bacteria.

Growth behavior of bacteria

In Fig. 3, the growth curves of pathogenic foodborne bac-
teria treated with sub-inhibitory concentrations of pure EO
(Fig. 3A, C, E, G and I) and its nanoemulsion (Fig. 3B, D, F,
H and J) (25, 50 and 75% of MIC) in broth culture at 35 °C
for 72 h were presented. The results showed that the effect
of EO on the growth of the studied bacteria followed a dose-
dependent manner. Increasing the concentration of EO led
to an increase inits inhibitory effect on bacterial growth, as
reported in previous studies [15, 56]. It was found that 75%
MIC of pure EO and its nanoemulsion had the highest inhib-
itory effect on the growth curve of bacteria. As shown in
Fig. 3, the antimicrobial effect of the pure EO was decreased
during the storage period and it has not significant inhibi-
tory effect (p>0.05) on the growth of bacteria after 48 h
compared to control sample. The decrease in the inhibitory
effect of EO could be related to the physicochemical insta-
bility of phenolic compounds in EO and their degradation by
environmental factors such as light, oxygen, pH, temperature
and moisture [57]. Comparison of the results over storage
time showed that the inhibitory effect in the cultures con-
taining EO nanoemulsion was higher than those containing
pure EO. For example, using 75% of MIC of pure EO, the
count of S. Typhimurium (Fig. 3C) was decreased by 0.78
log CFU/mL after 72 h of storage. However, this value about
the nanoemulsion was 1.57 log CFU/mL (Fig. 3D). B. cereus
had a high sensitivity to the sub-inhibitory concentrations
of oil nanoemulsion. After 72 h of incubation with 75% of
MIC of nanoemulsion, the colony count of this bacterium
treated was increased by 1.33 log CFU/mL (Fig. 3H). This
value about the cells treated with the free form of oil was
2.43 log CFU/mL (Fig. 3G). These results demonstrate that
the incorporation of EOs into nanoemulsion is an effective
method for the protection of their active ingredients and
improvement of their stability.

The findings of previous studies have confirmed the
results of the present study. Da silva Gundal et al. [41]
in a study about the effect of Cymbopogon flexuosus oil
on the microbial death curve of Candida albicans, Pseu-
domonas aeruginosa and Cryptococcus grubii confirmed
that the activity of EO is increased after incorporation in
nanoemulsion.
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Fig.4 Scanning electron micro-
graphs of Escherichia coli (A—
C), Salmonella Typhimurium
(D-F), Listeria monocytogenes
(G-1), Bacillus cereus (J-L)
and Staphylococcus aureus
(M-O) cells: Untreated (A,

D, G, J, M), treated with free
essential oil of Mentha spicata
L. (B, E, H, K and N), treated
with nanoemulsion containing
essential oil of Mentha spicata
L.(C,F, I Land O)
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Table 2 DPPH scavenging activity of Mentha spicata L. essential oil
and its nanoemulsion

Sample ICs* (ug/mL)
Pure essential oil 2580+ 150.2°
Essential oil nanoemulsion 2140+ 125.5
BHT® 19.90+2.35

#Concentration providing 50% inhibition
®Data shown are the means + standard deviation

“Butylated hydroxytoluene

Cell membrane integrity

Generally, the activity of EOs against the cellular cytoplas-
mic membrane has a key role in their antimicrobial effect
[33]. The lipophilic compounds of EOs cause a loss of mem-
brane integrity in the cell membrane which further disturbs
the equilibrium of inorganic ions and pH homeostasis in
bacterial cells [23, 51]. Finally, the lysis of cell membrane
by EOs results in cell materials release and death [20]. In the
present study, to further uncover the mechanism of action
of EO and its nanoemulsion, their effect was visualized
on the foodborne bacteria with the SEM microscope after
incubation of bacteria by MIC values of EO and its nanoe-
mulsions for 3 h. The images showed different degrees of
deformation and distortion in the bacterial cells (Fig. 4B,
C,E,F, H LK, L, N and O). In treated samples with EO,
treated cells showed evidence of shrinkage in the cell mem-
brane (Fig. 4B, E, H, K and N). Their shapes were Irregular
and the integrity of the cells was distorted. Also, the EO
increased permeability in the bacterial cell membrane and
the release of the cell constituents was observed (Fig. 4E
and N). After treatment with nanoemulsion, the bacterial
cells were remarkably disintegrated. They showed a broad
range of structural abnormalities and cellular fragments and
debris can be observed. It was observed that the levels of cell
membrane damages by nano-encapsulated oil were higher
than free oil (Fig. 4C, F, I, L and O). The untreated bacterial
cells had an intact and smooth surface (Fig. 4A, D, G, J and
M). Previous studies also confirmed the results of the present
study. Krishnamoorthy et al. [58] reported significant mor-
phological changes in E. coli cells after treatment with EO
nanoemulsion. Moghimi et al. [50] found shrinkage in the
surfaces and destruction of cells in the treated E. coli cells
with Thymus daenensis EO nanoemulsion. Also, Sugumaret
al. [59] observed leakage of cytoplasmic contents, irregular
shape and distorted integrity in the treated cells of S. aureus
with Eucalyptus oil nanoemulsion.
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Antioxidant activity

The DPPH was known as a model of lipophilic radical and
it is frequently used as a stable free radical to investigate the
antioxidant activity of natural compounds. The absorbance
of DPPH radical at the wavelength of 517 nm decreases by
reduction with an antioxidant [23]. The antioxidant proper-
ties of MSEO have been reported in previous studies [60,
61]. As shown in Table 2, the DPPH radical scavenging
activities of EO and its nanoemulsion were analyzed and
compared with BHT. The highest scavenging activity was
observed by BHT (ICs;, of 19.90+2.35 ug/mL). Pure EO
showed the lowest radical scavenging activity with ICy, of
2580+ 150.2 pg/mL. The antioxidant activity of EO was
significantly (p <0.05) increased by the incorporation of
oil into nanoemulsions and the ICs, value of nanoemulsion
was decreased to 2140 £ 125.5 ug/mL (17.05+0.03%).
This result was in agreement with the previous studies.
Balasubramani et al. [23] also reported that the ICs, value
for DPPH radical scavenging activity of Vitex negundo L.
oil nanoemulsion was higher than pure oil. A similar effect
was found by Lou et al. [52] on the DPPH radical-scaveng-
ing ability of nano-emulsified Citrus medica L. EO. They
reported that the ability of EO nanoemulsion and its pure
form to inhibit free radicals was 72.4% and 44.3%, respec-
tively. Sundararajan et al. [51] reported that the ICs, values
for the DPPH scavenging activity of Ocimum basilicum oil
and its nanoemulsion were 13.21 pg/ml and 10.47 pg/ml,
respectively. The increased antioxidant activity of EO after
formulation in nanoemulsion may be associated with the
increase of specific surface of EO and thus efficient and fast
adsorption of free radicals. Furthermore, the incorporation
of EOs into nanoemulsions can decrease the degradation of
their components and increase their solubility in aqueous
systems [10].

Conclusion

In the present study, a food-grade nanoemulsion of MSEO
was successfully produced by the ultrasonic emulsification
method. The EO nanoemulsion was produced with homog-
enous droplets and minimal particle size. The antimicrobial
properties of MSEO were improved against food-borne path-
ogenic bacteria by its incorporation into the nanoemulsion
system. Among the tested bacteria, the highest activity of
nanoemulsion was observed against L. monocytogenes with
the MIC value of 1 mg/mL. The antimicrobial activity of
MSEO and its nanoemulsion against Gram-positive bacteria
was higher than it was found for Gram-negative bacteria.
The levels of cell membrane damage by EO nanoemul-
sion were remarkably higher than free oil. Also, the inhibi-
tory effect on the growth curve of bacteria in the cultures
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containing nano-encapsulated oil was higher than in those
containing free EO during the storage period. Moreover, the
radical scavenging activity of MSEO was improved after
encapsulation into nanoemulsion. The findings of this study
could support the use of plant EOs nanoemulsions, as novel
natural preservatives, in the food industry for improving
the safety and shelf life of food products. However, more
research is needed in the future about the antimicrobial and
antioxidant effects in food models as well as the safety of
MSEO nanoemulsions.
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