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Abstract

Nanoemulsification of essential oils (EOs) is one of the common techniques that prevent the EO interaction with food
components and improve its bioavailability and absorption. In this study, the EO of Froriepia subpinnata (Ledeb.) Baill
(FSLB) was extracted, and its 28 compounds were identified by the GC-FID and GC-MS analysis. The EO nanoemulsion
(EON) was produced using Tween 80 and Span 80 surfactants with high-intensity ultrasound. Various properties of the EON
were examined every 15 days for 2 months. The mean particle size (< 100 nm), polydispersity index (PDI) (<0.3), and zeta
potential (—38.89 to —37.21 mV) of the EON were stable for 45 days. Scanning electron microscopy (SEM) illustrated that
the obtained nanoparticles were spherical, and their size was smaller than 100 nm. X-ray diffraction (XRD) patterns showed
that the crystal order of the EON changed compared to the blank nanoemulsion (BN). Fourier transform infrared (FTIR)
spectroscopy demonstrated that hydrogen bonds were formed between the constituents of the EO and the surfactants. Not
only was the antioxidant activity of the EON higher than the EO, but this property in the EON was also more stable over time
(45 days) than the EO. The EON showed significantly higher antimicrobial activity against Escherichia coli and Staphylo-
coccus aureus bacteria than the EO. Unlike the EO, the EON maintained the antibacterial properties for 60 days. Overall,

the results demonstrated that the FSLB’s EO is suitable for use in various food and bio-based industries.
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Introduction

Microbial contamination of food products is one of the most
critical public health concerns globally and is considered an
essential factor in causing economic losses. One of the ways
to increase the safety of foods is to use preservative com-
pounds. Despite the extensive use of chemical preservatives
to fight against pathogenic microorganisms in foods, their
toxic and carcinogenic substances continue to be a signifi-
cant concern for public health in the world (Hasheminya et al.,
2019b; Moghimi et al., 2016). Natural compounds such as
essential oils (EOs) are of interest to consumers due to their
beneficial properties without the side effects of similar syn-
thetic chemicals. The application of EO in the food industry
as an antimicrobial, antioxidant, and preservative is on the
rise (Chaudhari et al., 2020; Das et al., 2021). The plants’ EO
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are mixtures of chemical compounds, some of which exhibit
natural antimicrobial properties against pathogenic and food-
borne bacterial pathogens (Ghaderi-Ghahfarokhi et al., 2016;
Hasheminya et al., 2019a; Jemaa et al., 2018; Lou et al., 2017;
Moghimi et al., 2016). Froriepia subpinnata (Ledeb.) Baill
(FSLB), locally called Anarijeh, is mainly spread in south-
ern and central Europe and north of Iran. The leaves of this
plant are used in Iran as flavor agents to prepare different
food products. The FSLB is an annual plant with white flow-
ers and a height of 20 to 110 cm. In traditional medicine,
this plant is used against liver disorders and as a carminative,
antispasmodic, diuretic, sedative, and tonic agent (Mirzania
et al., 2019; Mohammadzadeh et al., 2018). However, sci-
entific research about the FSLB is limited, and only a few
studies have reported its antimicrobial and antioxidant activity
(Mirzania et al., 2019; Mohammadzadeh et al., 2018). Mirzania
et al. (2019) investigated the antibacterial and antifungal
activity of the FSLB’s EO obtained from wild and cultivated
samples against Staphylococcus aureus, Enterococcus fae-
calis, Escherichia coli, Pseudomonas aeruginosa, Candida
albicans, and Aspergillus flavus. The results showed that the
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minimum inhibitory concentration (MIC) of the EO against
these microorganisms ranged between 1 and 64 pg/mL. The
antioxidant and antimicrobial activity of the FSLB’s EO is
linked to the significant oxygenated monoterpene compounds
(Mehrabanjoubani et al., 2021; Mirzania et al., 2019).

Usage of the EO is associated with difficulty in their
application due to their water insolubility and physico-
chemical instability. Besides, the EO creates odor and
taste in food products, which is usually not pleasant.
Therefore, today, efforts are being made to reduce the
adverse effects of the EO in food materials (Hasheminya
et al., 2019b; Jemaa et al., 2018; Lou et al., 2017; Salvia-
Trujillo et al., 2013). Nanoemulsification of the EO is one
of the common methods that significantly disperse the EO
in aqueous solutions. Nanoemulsification also prevents the
interaction of the EO with food ingredients and improves
its absorption and bioavailability (Jemaa et al., 2018; Lou
et al., 2017). Also, the EO nanoemulsion (EON) will be
helpful for the industry in counteracting bacterial resist-
ance (Jemaa et al., 2018). For instance, due to their larger
surface area and smaller size, the EON’s antimicrobial
activity is enhanced in nanoemulsion-based delivery sys-
tems (Moghimi et al., 2016; Salvia-Trujillo et al., 2013;
Sepahvand et al., 2021).

Nanoemulsions are prepared from oil, water, and emulsi-
fiers with particle sizes in the range of 10-100 nm (Shahavi
et al., 2016). Nanoemulsions are made using high-energy
mixing, homogenization, ultrasonication, and microflu-
idization. These procedures rapidly provide the required
energy with a uniform flow to yield droplets of smaller
sizes. Ultrasound-assisted extraction has extensively been
used in different food and medicinal industries (Hasheminya
& Dehghannya, 2020b). Ultrasonication is an appropriate
emulsification method during which, by increasing energy
consumption, the size of the emulsion droplets is decreased
with minimal recoalescence (Ezhilarasi et al., 2013). This
method is an efficient and fast technique for producing
nanoemulsions with high stability, small droplet size, and
suitable polydispersity characteristic. In an ultrasonic probe
homogenizer, acoustic cavitation is generated by power-
ful shock waves to disrupt coarse droplets. Ultrasonication,
compared to mechanical agitation techniques, consumes
lower energy, needs smaller magnitudes of emulsifiers, and
produces droplet sizes with more uniformity and stability
(Hasheminya & Dehghannya, 2020b; Shahavi et al., 2016).
For example, Sivakumar et al. (2014) used three techniques,
namely, magnetic stirring, high-speed homogenization, and
ultrasonic emulsification to produce nanoemulsions of aspi-
rin. The results showed that the droplet size of the emul-
sions of aspirin produced by magnetic stirring, high-speed
homogenization, and ultrasonic emulsification was 1160,
359, and 232 nm, respectively. Moreover, the polydispersity
index (PDI) of the nanoemulsions produced by magnetic
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stirring, high-speed homogenization, and ultrasonic emul-
sification methods was reported as 0.971, 0.379, and 0.309,
respectively. In another study, Gavahian et al. (2018) used
conventional power ultrasound and mechanical homogeni-
zation to enhance the stability of salad dressing emulsions
containing acacia gum. The results showed that the mean
size of the samples using power ultrasound and scaled-up
homogenizer was 3.13 and 29.73 pm, respectively. Also,
the energy consumption in the emulsification process of
the samples treated with power ultrasound and scaled-up
homogenizer was 26.4 and 330 J/mL emulsion, respectively.

Safe surfactants such as Tween 80 and Span 80, which
are less toxic and highly compatible with other ingredi-
ents, can prepare nanoemulsions with stable droplet sizes.
Span 80 is a lipophilic emulsifying agent, and Tween 80, a
derivative of Span 80, has a hydrophilic nature with more
solubility in water compared to oil. Tween 80 and Span 80
as nonionic surfactants with uncharged molecules are com-
monly noted as safe and biocompatible additives in food
materials that are not influenced by pH variations. To pro-
duce nanoemulsions with proper stability, hydrophilic and
lipophilic properties are balanced, and the combination of
Span 80 and Tween 80 is usually applied (Shahavi et al.,
2015, 2016). When using Tween 80 and Span 80 simul-
taneously, the significant difference in the headgroup size
of Tween 80 and Span 80 enhances the synergistic effect
between them, leading to increase the stability of nanoemul-
sions. Mixed surfactants also promote the stability of the
nanoemulsions by strengthening the interfacial layer of the
nanoemulsion systems. This might be due to the fact that
mixed surfactants with hydrophilic and lipophilic properties
favor adsorption between the oil and water phases (Chong
et al., 2018).

The production of nanoemulsions containing EO and
active compounds has been investigated using different
methods in various studies. For example, Das et al. (2021)
evaluated the antimicrobial, anti-aflatoxigenic, and anti-
oxidant properties of chitosan nanoemulsion containing the
Anethum graveolens EO using the ionic gelation technique
compared to its EO. Chaudhari et al. (2020) evaluated the
preservation capacity of the chitosan nanoemulsion to hinder
the spoilage of stored corn against microbial contamination
and lipid oxidation. They produced the nanoemulsion using
the ionic gelation method by different ratios of chitosan,
anethole, and tripolyphosphate as a crosslinking agent.
Ghaderi-Ghahfarokhi et al. (2016) used thyme EON in the
chitosan matrix to improve the antimicrobial and antioxidant
properties of the EO. They prepared the EON using oil/water
emulsion and ionic gelation. Tiwari et al. (2022) used chi-
tosan containing Cinnamomum glaucescens EON as a new
preservative to control food-borne fungi. The EON signifi-
cantly improved the antifungal and anti-aflatoxin properties
compared to the EO.
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Since oxygenated monoterpenes present in the FSLB
have significant antioxidant and antimicrobial properties
(Mehrabanjoubani et al., 2021; Mirzania et al., 2019), this
plant has the potential to be used in the food industry.
Besides, the constituents of the FSLB’s EO are diverse
depending on the geographical region, different parts of
the plant, and the time of harvesting (before or after flow-
ering), leading to different properties (Mehrabanjoubani
et al., 2021; Mirzania et al., 2019; Mohammadzadeh et al.,
2018). To better understand the relationship between vari-
ous characteristics of the EO with its constituents, it is
necessary to identify the plant’s composition based on its
origin. Despite all the research done, there is limited infor-
mation in the literature concerning the composition and
antioxidant and antimicrobial properties of the EO of the
FSLB (Mohammadzadeh et al., 2018; Morteza-Semnani
et al., 2009; Rustaiyan et al., 2001). However, there is no
study on the nanoemulsification of the FSLB’s EO using
ultrasound with food-grade emulsifiers and assessing its
resultant properties during storage. Therefore, the aims of
this research were as follows: (1) to identify the chemical
composition of the EO of the FSLB; (2) to produce the
EON by ultrasonication; (3) to evaluate the mean particle
size, PDI, and zeta potential of the EON and blank nanoe-
mulsion (BN) during a 60-day storage period; and (4) to
compare the antioxidant and antimicrobial properties of
the EO and EON.

Material and Methods
Materials

The FSLB was planted and grown in organic conditions
at a garden located in Gaskar Mahalleh, Roudsar, Guilan
province, Iran. The leaves of the FSLB were collected
in June 2020 and dried at room temperature (25 °C) for
72 h. The leaves were identified in the herbarium of the
Medicinal Plants and Drugs Research Institute, Shahid
Beheshti University, Tehran, Iran. Microbial strains of
Escherichia coli (ATCC 25922) and Staphylococcus
aureus (ATCC 25923) were obtained from the Iranian
Research Organization for Science and Technology
(IROST). Additionally, methanol, Tween 80, Span 80,
sodium nitroprusside, phosphate-buffered saline, sul-
fanilamide, N-(1-naphthyl) ethylenediamine dihydro-
chloride, phosphoric acid, n-hexane, 2,2-diphenyl-1-
picrylhydrazyl (DPPH) (Sigma-Aldrich, USA), sodium
sulfate, dimethyl sulfoxide (DMSO), Muller-Hinton
agar, and Muller-Hinton broth (Merck, Germany) were
used in this investigation.

Extraction of the FSLB’s EO and Evaluation of Its
Compounds

The EO of the FSLB was obtained by hydrodistillation
extraction for 3 h using a Clevenger-type apparatus. Anhy-
drous sodium sulfate was used to dehydrate the EO and
then filtered. It was then stored in the refrigerator at 4 °C
in dark glass bottles until further analyses (Hasheminya &
Dehghannya, 2020c).

The EO was analyzed using gas chromatography and
mass spectrometry (GC-FID and GC-MS). GC-FID anal-
yses were performed using a gas chromatograph (Agilent
7890A, Palo Alto, CA, USA), equipped with HP-5 ms capil-
lary column (30 m X 0.25 mm i.d; film thickness 0.25 pm)
and a flame ionization detector (FID). The temperature of
the column was adjusted to 50 °C for 3 min. It was then
raised to 240 °C at 3 °C/min and kept at this temperature for
9 min. The carrier gas was helium at 1.03 mL/min. Detector
and injector temperatures were 260 and 202 °C, respectively.
Besides, the split ratio was set to 1:50. Injected volume was
1 pL of the EO in n-hexane (10%).

A gas chromatograph (Model GC-17A, Version 3, Shi-
madzu, Japan) equipped with a column DB-5 (polydimethyl-
siloxane, dimensions 60 m X 0.25 mm and thin layer thick-
ness of 0.25 pm) was connected to a mass spectrometer
(Model QP-5050A, Shimadzu, Japan) (GC-MS) using an
electron ionization device, EI, and a quadrupole analyzer
(Agilent 5973) to identify the EO composition. The tempera-
ture program was the same used for GC-FID. The volume
injected and the flow rate was 1 pL of the EO in n-hexane
(10%) and 1.03 mL/min, respectively. MS transfer line tem-
perature, EI ion source temperature, and quadrupole tem-
perature were 230 °C, 200 °C, and 160 °C, respectively, with
ionization energy of 70 eV.

Constituent identification was carried out by comparison
of their retention indexes (RI) to a standard n-alkane series
(C6-C40) as well as by a comparison of its mass spectrum
with either reference data from the equipment database
(NIST 21, NIST 107, NBS 75 K and WILEY?229) or the lit-
erature (Hasheminya & Dehghannya, 2020c; Adams, 2007).

Essential Oil Content

The essential oil content obtained after extraction was calcu-
lated as the ratio of the mass of the essential oil to the dried
leaves (Hasheminya & Dehghannya, 2020c):

Mgo

Essential oil content(%) = x 100 1)

s

where mg, and m, represent the mass of EO (g) and dried
leaves (g), respectively.

@ Springer



2534

Food and Bioprocess Technology (2022) 15:2531-2546

Essential Oil Nanoemulsion Preparation

To prepare the oil in water (O/W) nanoemulsion at ambient
temperature, Tween 80 and Span 80 surfactants (10% w/w),
the EO of the FSLB (10% w/w), and deionized water (80%
w/w) were used with hydrophilic-lipophilic balance (HLB)
of 12. The HLB value of the mixed surfactant system was
calculated as follows (Shahavi et al., 2016):

m, X HLB, + mz X HLBy

HLB =
m, + mg 2)

where m, and mg represent the mass of surfactant A (Tween
80) and surfactant B (Span 80), respectively. HLB, and
HLBy stand for the HLB value of surfactants A and B,
respectively.

Tween 80 with HLB,=15.0 and m,=72% and Span 80
with HLBz=4.3 and mz=28% were chosen for the nanoe-
mulsion preparation. To obtain the HLB value, a series
of initial experiments were carried out, and the HLB of
12 demonstrated the highest stability among all the sam-
ples tested. To prepare the aqueous phase, Tween 80 was
added to the deionized water at ambient temperature, and
the solution was stirred for 10 min. The oil phase was also
prepared by adding Span 80 to the EO. The initial emul-
sion was prepared by adding the oil phase to the aqueous
phase, drop by drop, homogenized by stirring. In the next
step, the homogenization process continued by stirring for
15 min. Finally, the whole mixture (25 mL sample inside a
50-mL beaker) was treated using probe sonicator (Model
UP400S, Hielscher GmbH, Germany) with a solid sonotrode
H7 made of titanium with tip diameter of 7 mm and length
of 100 mm at 400 W power, 24 kHz frequency, and 100%
amplitude (100 pm) at ambient temperature (25 °C) for
20 min. In order to keep the temperature below 30 °C during

Fig.1 Schematic diagram of
Froriepia subpinnata (Ledeb.)
Baill essential oil nanoemul-
sion (EON) production using
ultrasound

Heating and magnetic stirring

N

Essential oil (EO) extraction
by hydrodistillation
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ultrasonication, the nanoemulsions were maintained in an
iced water bath (Gharenaghadeh et al., 2017; Nirmal et al.,
2018; Shahavi et al., 2015). The method of producing EON
is shown in Fig. 1.

Blank nanoemulsion (BN) was also prepared to evaluate
and compare the properties of EO and EON. To prepare
the BN, the same method for the preparation of EON was
applied by replacing the essential oil with medium chain tri-
glycerides (MCTs). Baldissera et al. (2013) and Santos et al.
(2020) have also used the BN containing MCT to compare
it with nanoemulsions containing essential oil.

Droplet Size Distribution, PDI, and Zeta Potential

Zetasizer Nano-ZS (Malvern instrument, Worcestershire,
UK) was used to determine the mean particle size, polydis-
persity index (PDI), and zeta potential of samples on days
1, 15, 30, 45, and 60 at 25 °C. To avoid interactions between
droplets, dispersion, and multiple scattering, deionized
water (1: 100) was used as a dispersant (Hasheminya &
Dehghannya, 2021).

SEM

The morphology (shape and size) of the freeze-dried EON
and BN samples was evaluated by scanning electron micro-
scope (Model MIRA3 FEG-SEM, Tescan, Czech Republic).
The samples were imaged at 10 kV after being coated with
gold (Hasheminya et al., 2019a).

XRD

X-ray diffraction patterns of the freeze-dried samples were
obtained using an x-ray diffractometer (Model Kristalloflex
D500, Siemens, Germany) with Cu Ka radiation at 42 kV,

Essential oil nanoemulsion

Intitial emulsion

Magnetic stirring Ultrasonication
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the current intensity of 30 mA in the range of diffraction
angles (20) from 0 to 60° (Hasheminya & Dehghannya,
2020a).

FTIR Spectroscopy

Fourier transform infrared (FTIR) spectroscopy (Model Ten-
sor 27, Brucker, Germany) was used to determine functional
groups of the EO, BN, and EON samples in the wavenumber
range of 400—-4000 cm™! (Liu & Liu, 2020).

Antioxidant Activity by DPPH

The antioxidant capacity of the EO, BN, and EON was
assessed on days 1, 15, 30, 45, and 60 at 25 °C by meas-
uring the DPPH (2,2-diphenyl-1-picrylhydrazyl) activity.
Fifty microliters of the sample was mixed at different con-
centrations (100, 50, 25, 12.5, and 6.25 pg/mL) with 2 mL
of DPPH (60 pM) methanol solution. After mixing, the
samples were shaken using a shaker incubator for 30 min
and then stored in a dark room at 25 °C. Afterward, the
sample absorbance intensity was recorded at 517 nm by a
spectrophotometer. Butylated hydroxytoluene (BHT) anti-
oxidant was considered as a positive control. The DPPH
scavenging activity was calculated as follows (Hasheminya
& Dehghannya, 2020c):
Apppr — Ag > %100
3)
where A ppy 1s the absorbance of the DPPH solution with-
out the sample, and Ay shows the absorbance of the DPPH
solution with the sample. After measuring the percentage of
DPPH free radical scavenging activity, the ICs, value was
calculated. ICs, represents the concentration of the EON,
which can inhibit 50% of free radicals.

DPPH scavenging activity(%) = < A
DPPH

Antioxidant Activity by Nitric Oxide

The antioxidant activity of the EO, BN, and EON was
assessed on days 1, 15, 30, 45, and 60 at 25 °C based on
nitric oxide free radicals scavenging activity. Sodium
nitroprusside (10 mM) in phosphate-buffered saline was
initially added to different concentrations of the samples
(100, 50, 25, 12.5, and 6.25 pg/mL). The mixture was then
incubated for 150 min at room temperature. Furthermore,
0.5 mL of Griess reagent (including 1% sulfanilamide, 1%
N-(1-naphthyl) ethylenediamine dihydrochloride, and 2%
phosphoric acid) was added to the mixture. The absorbance
of the mixture was then read at 546 nm by the spectro-
photometer. The following equation was used to calculate
the percentage of nitric oxide radical scavenging activity
(Sreejayan & Rao, 1996):

. .. _ (Ano — As
NO scavenging activity(%) = A x 100 4
NO

where Ay, shows the absorbance of the NO solution with-
out the sample, and Ag expresses the absorbance of the NO
solution with the sample. After measuring the percentage of
nitric oxide radical scavenging activity, ICs, was calculated.

Antimicrobial Properties

The minimum inhibitory concentration (MIC) and the min-
imum microbicidal concentration (MMC) of the samples
were determined by the microdilution method. To perform
this test, 100 pL of different concentrations of the EO, BN,
and EON on days 1, 15, 30, 45, and 60 at 25 °C, obtained
by serial dilutions (160 to 0.312 mg/mL), was added to 90
pL. Muller-Hinton Broth medium. Then, 10 pL of bacterial
suspensions equivalent to 5x 10® CFU/mL was added to the
wells containing the medium and different sample dilutions.
The samples were then incubated for 24 h at 37 °C. The low-
est concentration in which no microorganism growth was
noticed was determined as MIC. Streptomycin antibiotic
was used as a positive control. The minimum microbicidal
concentration was measured based on the MIC values. One
hundred microliters of the contents of the wells in which
the growth of microorganisms was halted was transferred
to the Muller-Hinton Agar culture medium and incubated
for 24 h at 37 °C. The lowest concentration of the EO and
EON without microorganism growth was considered MMC
(Hasheminya & Dehghannya, 2020c).

Statistical Analysis

Statistical analysis was executed on the measured charac-
teristics, including the mean particle size, PDI, and zeta
potential in the BN and EON, as well as the antioxidant and
antimicrobial properties of the EO and EON at the same
concentration (10%) in the form of completely randomized
design (CRD). All the experiments were conducted in trip-
licate. Duncan’s multiple range test was used to compare the
means at a 5% probability level. Analysis of ANOVA was
done using SAS (version 9.4).

Results and Discussion

Chemical Composition of the EO of the FSLB

The EO content was 0.4%. The chemical composition
of the EO obtained from the FSLB’s leaves is shown in
Table 1. In total, 28 chemical compounds were identified,

the most important of which were p-cymen-8-ol (22.83%),
limonene (8.87%), terpinolene (8.86%), y-terpinene (6.79%),
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Table 1 Chemical composition of the essential oil extracted from leaves of Froriepia subpinnata (Ledeb.)

No Compound Peak area%** RI*
1 Hexanal 1.00 801
2 n-hexanol 1.27 863
3 a-pinene 5.73 932
4 Sabinene 1.22 976
5 f-pinene 2.76 980
6 Myrcene 1.05 988
7 cis-dehydroxylinalool oxide 4.17 1006
8 5-3-carene 2.68 1008
9 o-cymene 1.04 1022
10 Limonene 8.87 1024
11 f-phellandrene 1.39 1025
12 y-terpinene 6.79 1054
13 n-octanol 1.70 1063
14 Terpinolene 8.86 1086
15 p-cymen-8-ol 22.83 1179
16 Citronellol 2.09 1223
17 Pulegone 3.19 1233
18 Neral 2.60 1235
19 Carvone 1.68 1239
20 Carvenone 5.98 1255
21 trans-carvone oxide 1.78 1273
22 Thymol 1.38 1289
23 Menthyl acetate 1.50 1294
24 Carvacrol 1.76 1298
25 B-cubebene 1.37 1387
26 f-selinene 1.09 1489
27 Germacrene A 1.17 1408
28 B-Cedrene 3.05 1411

Classification of compounds

Oxygenated monoterpenes 54.54

Monoterpene hydrocarbon 31.53

Sesquiterpene hydrocarbon 3.47

oxygenated sesquiterpenes 3.05

Miscellaneous compounds 7.2

Total identified 99.79

“RI, Retention indices calculated from retention times in relation to those of a series of C6-C40 n-alkanes on a DB-5 capillary column

““Peak areas were obtained from GC analysis

carvenone (5.98%), and a-pinene (5.73%). The main chemi-
cal compounds were oxygenated monoterpenes (54.54%),
monoterpene hydrocarbons (31.53%), sesquiterpene hydro-
carbons (3.47%), and oxygenated sesquiterpenes (3.05%). In
a similar study (Rustaiyan et al., 2001), the main components
of the EO of the FSLB’s aerial parts were p-phellandrene
(50.3%), sabinene (25.7%), p-pinene (4.5%), and y-terpinene
(3.3%). In another study (Morteza-Semnani et al., 2009),
the main chemical compositions of the EO extracted from
the aerial parts of the FSLLB were p-cymen-8-ol (34.7%),
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terpinolene (12.5%), p-cymene (10.5%), phellandral, and
neophytadiene (3.5%). Besides, Mohammadzadeh et al.
(2018) reported that the main components of the EO
obtained from the green leaves and stems of the FSLB were
cuminol (42.05%) and phenol (28%) before flowering and
sabinene (25.96%) and thymol (22.68%) after flowering.
The EO composition depends on different parameters,
including geo-climatic or altitudinal variations, plant age,
conditions of cultivation, geography, temperature, length
of the day, time of harvest, the organ of the plant where
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the EO is obtained, EO-making techniques, and climatic
conditions. These parameters affect the biosynthesis of
plant pathways and subsequently influence the amounts of
main compounds, which leads to the development of vari-
ous chemotypes (Hasheminya & Dehghannya, 2020c; Das
et al., 2021).

Evaluation of Mean Particle Size, PDI, and Zeta
Potential

Droplet Size Distribution

The droplet size distribution of the BN and EON on days
1, 15, 30, 45, and 60 is shown in Fig. 2a. In general, when
the size of the particles is decreased, the nanoemulsion
stability is significantly increased (Shahavi et al., 2015).
Results showed that the mean particle size of the BN and
EON on the 1st day was 67.18 and 84.32 nm, respectively,
which was in the nanoscale range (Shahavi et al., 2016),
resulting from the preparation method by ultrasonication as
well as the use of Tween 80 with HLB of 15 and Span 80
with HLB of 4.3. The ultrasonication technique applied in
the preparation of the BN and EON is based on the cavi-
tation mechanism. Based on this mechanism, continuous
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Fig.2 Droplet size distribution (a), Polydispersity index (PDI) (b),
and zeta potential (mV) (¢) of Froriepia subpinnata (Ledeb.) Baill
essential oil nonoemulsion (EON) and blank nonoemulsion (BN) on

mechanical depressions and compressions result in bub-
ble collapse, which leads to enough energy to intensify the
interfacial area of the droplets. Consequently, ultrasonication
can produce smaller droplet sizes (Yukuyama et al., 2015).
Besides, severe droplet disruptions are created by cavita-
tional collapse during ultrasonication at or near the interface
in which very fine emulsions are formed (Canselier et al.,
2002). Similarly, Zhu et al. (2018) attributed the formation
of small-sized nanoemulsions to the cavitation and turbu-
lent forces created during the ultrasonic process. Moreover,
the surfactant used in the preparation of the BN and EON
causes smaller droplets to form (Yukuyama et al., 2015).
Aggregation and creaming phenomena can be prevented by a
diameter reduction of the droplets in nanoemulsions through
surfactant addition (Mendes et al., 2018). Emulsifying mol-
ecules such as Tween 80 and Span 80 are adsorbed at the
oil and water interface, and, therefore, interfacial tension is
decreased, which facilitates the formation of smaller parti-
cle sizes (Mendes et al., 2018). Through decreasing interfa-
cial tension at the interface of oil and water, the surfactants
reduce the free energy which is needed for the nanoemulsion
formation (Ghosh et al., 2013).

Figure 2 a illustrates that the mean particle size of the
EON was higher than the BN, which was due to the loading
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15th day 30th day 45th day 60th day
IIEON  0.28+0.01a,B 0.28+0.02a,B 0.29+0.02a,B 0.29+0.01a,B 0.35+0.01a,A
# BN 0.20+0.02b,B 0.22+0.01b,B 0.22+0.01b,B 0.23+0.01b,B 0.28+0.03b,A
g .
e
AN,
AN . L
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=1
30th day 45th day 60th day
-37.49+0.74a,B -37.21+0.21a,B -33.2240.90a,A
-33.49+0.12b,B -33.17+0.85b,B -30.00:£0.66b,A

the 1st, 15th, 30th, 45th, and 60th days. *Different small letters in the
columns indicate a significant difference (p <0.05). **Different capi-
tal letters in the rows indicate a significant difference (p <0.05)
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of the EO. Similar findings were reported by Hosseini et al.
(2013a) and Hosseini et al. (2013b). In addition, the results
showed that the mean particle size of the BN and EON
increased during storage from the 1st to the 45th days of stor-
age; however, this increase was not statistically significant,
indicating appropriate physical stability of the nanoparticles
(Fig. 2a). This phenomenon can be ascribed to the dehydra-
tion of the surfactant head groups and consequent reduction
of interfacial tension (Ziani et al., 2012). In similar research
(Gharenaghadeh et al., 2017), stability of the Salvia multi-
caulis’s EON over 45 days of storage was noticed. This sta-
bility was attributed to Tween 80 and Span 80, which reduced
the diffusion of the dispersed phase molecules through the
continuous phase. Moreover, Moghimi et al. (2016) attrib-
uted the stability of the sage EON to the addition of Tween
80 and Span 80 surfactants and ultrasound treatment. Shahavi
et al. (2015) also used Span 80 and Tween 80 surfactants to
prepare the clove’s EON by ultrasonication. They reported
the size of the nanoemulsions at about 100 nm (Shahavi et al.,
2015).

In contrast, the mean particle size of the BN and EON
on the 60th day of storage was significantly higher than the
previous samples (Fig. 2a). The size of droplets is slightly
raised for long durations due to the interaction of the nanoe-
mulsion molecules (Shahavi et al., 2015). Although the
mean particle size increased over 60 days, it was always
less than 100 nm during this period. An increase in the mean
particle size of nanoemulsions during different storage peri-
ods was observed by Gharenaghadeh et al. (2017), Wang
et al. (2021), and Ziani et al. (2012). Nanoemulsions, similar
to emulsions, are semi-stable and change over time due to
gravitational breakup, coalescence, and Ostwald ripening.
Nanoemulsions are more stable than emulsions against grav-
itational separation and coalescence. However, due to their
smaller particle size, they are more vulnerable to Ostwald
ripening (Gharenaghadeh et al., 2017), which is, seemingly,
the primary mechanism of the stability breakdown in the
O/W nanoemulsions. The dispersed phase molecules from
smaller to larger droplets are diffused through the continu-
ous phase, enhancing the droplets’ collisions, favoring the
coalescence process. This leads to dissolving smaller drop-
lets and growing larger ones, which influences the stabil-
ity of the nanoemulsions in a more extended period (Lago
et al., 2019; Wang et al., 2021; Yukuyama et al., 2015; Ziani
et al., 2012). Based on the collision theory, droplets with
small sizes collide, and, consequently, droplets with larger
sizes are produced (Shahavi et al., 2015). Ostwald’s ripen-
ing mechanism can be slowed down by applying emulsifiers
and surfactants to generate a barrier at the droplets’ inter-
faces (Yukuyama et al., 2015). Jiang et al. (2019) observed
the smaller size of the droplets as an essential factor for
emulsion stability. They stated that small emulsion drop-
lets decrease the chances of the particles’ sedimentation
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by reducing their aggregation. Overall, the mean particle
size is affected by various variables, including the type and
concentration of stabilizers and operational factors such as
temperature, sonication, and homogenization parameters
(Ziani et al., 2012).

PDI

PDI of the BN and EON on the 1st, 15th, 30th, 45th, and
60th days is shown in Fig. 2b. PDI is an essential physical
property considered during the manufacturing of food or
pharmaceutical products, due to its impact on characteristics
such as product performance, processability, stability, and
appearance of the end product (Wang et al., 2021; Ziani
et al., 2012). Results showed that the PDI of the BN and
EON was less than 0.5 during the whole 60-day storage
(Fig. 2b). The PDI of nanoparticles is theoretically between
0 and 1, where the values greater than 0.5 represent a sub-
stantial dispersion of particles and values of less than 0.5
characterize a narrow distribution of nanoparticles (Tamjidi
et al., 2013). The formation of smaller nanoparticles and
the PDI values between 0.2 and 0.35 for the BN and EON
confirmed the effectiveness of the ultrasonic process in the
production of a nanoemulsion with uniform distribution of
its particle sizes (Noori et al., 2018).

The PDI of the BN and EON on the 1st day was 0.20 and
0.28, respectively (Fig. 2b). The higher PDI of the EON
compared to the BN was due to the presence of essential oil
in the EON. This result was consistent with Bazana et al.
(2019) and Hosseini et al. (2013b). The results also showed
that the PDI of the BN and EON on the 45th day was not
significantly different from the samples of the 1st, 15th, and
30th days. However, the PDI of the BN and EON on day
60 was significantly different from days 1, 15, 30, and 45.
Parameters such as oil type, storage temperature, oil con-
centration, and incubation time affect colloidal dispersions
during the storage period (Ziani et al., 2012).

Zeta Potential

Zeta potential represents the particles’ net charge and is an
essential indicator for evaluating the stability of nanoemul-
sions during storage (Hasheminya & Dehghannya, 2021).
Zeta potential of the BN and EON on the 1st, 15th, 30th,
45th, and 60th days is shown in Fig. 2c. The zeta potential of
the BN and EON was in the range of —30 to —38.89 mV dur-
ing the 60 days (Shahavi et al., 2016). Stable particles pos-
sess a zeta potential of above +30 mV and below —30 mV
(Salvia-Trujillo et al., 2013). A high surface charge due to
electrostatic repulsion between particles with the same elec-
tric charge reduces the risk of coagulation, making the sys-
tem more durable for a long time (Shahavi et al., 2016). The
surfactants’ charge attached around oil droplets determines
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the electrical charge of emulsion droplets (Hasheminya &
Dehghannya, 2021). In addition to the nature of the con-
stituents of the nanoemulsions that leads to the formation of
specific zeta potentials, when they are subjected to severe
mechanical stresses such as ultrasound, free hydroxyl and
carboxyl groups are likely to release from the components
of the systems and move to the surface of the droplets and
expose to water. These changes lead to a change in the zeta
potential of the nanoemulsions. Deprotonated alcohols
and carboxylic acids enhance the nanoemulsions’ nega-
tive charge throughout ultrasonic treatment (Hasheminya &
Dehghannya, 2021).

The results also showed that adding the essential oil
increased the zeta potential (Fig. 2¢). These results were
similar to those of Bazana et al. (2019). The ionizable mol-
ecules in the constituents of the EO lead to the higher nega-
tive zeta potential of the EON (Hasheminya & Dehghannya,
2021). In addition, the results showed that with the increase
of the storage period up to 45 days, the zeta potential for the
BN and EON decreased, but this decrease was not signifi-
cant. In other words, the zeta potential of the BN and EON
samples on the 45th day of storage was not significantly
different from the samples of the 1st, 15th, and 30th days.
Negative values less than —30 and no significant change of
zeta potential for the BN and EON during 45 days (Fig. 2¢)
indicated the stability of nanoemulsions (Salvia-Trujillo
et al., 2013). However, the zeta potential of the BN and EON
on day 60 was significantly reduced compared to all the pre-
vious samples. Despite the significant difference in the zeta
potential of the BN and EON on the 60th day compared to
the previous days, zeta potential values less than —30 pointed
to the stability of the nanoemulsions (Salvia-Trujillo et al.,
2013). These results were similar to those of Li et al. (2020),
which could be ascribed to chemical hydrolysis of the sur-
factants at more extended storage periods, causing to lose its
ability in the formation of micelles and emulsion stabiliza-
tion (Ziani et al., 2012).

SEM

Figure 3 illustrates the microstructure of the BN and EON
obtained from SEM. As shown in the figure, semispherical BN
and EON were produced without aggregation, which indicated
the stability of the particles during the nanoemulsion prepa-
ration process (Gharenaghadeh et al., 2017; Hosseini et al.,
2013a). The proper distribution of EON droplets in the aqueous
phase can be due to the formation of micelles with semispheri-
cal structure. Surfactants reduce the interfacial energy between
oil and water systems by forming a layer around dispersed oil
droplets, leading to form nanoemulsions by preventing par-
ticles from coalescence (Safaya & Rotliwala, 2022). SEM
images showed that the BN and EON were almost identical.

The particle size of both BN and EON acquired from the SEM
images (less than 100 nm) confirmed the Zetasizer results.

X-Ray Diffraction

Figure 4 illustrates the XRD pattern of the EO, BN, and
EON samples. A band at the 26 =20 was noticed in the BN
and EON, which indicated the predominant amorphous
nature of these samples with very low crystallization. How-
ever, the XRD pattern of the EO almost illustrated the whole
amorphous nature of the essential oil. This finding was in
line with Hasheminya et al. (2019b), Chaudhari et al. (2020),
and Das et al. (2021). After adding the essential oil, the
peak intensity of the EON was reduced compared to the BN
(Fig. 4). This phenomenon can be attributed to the reduction
in crystallinity of the EON and the homogeneous distribu-
tion of the essential oil in the nanoemulsion matrix (Galvao
et al., 2020). The formation of a weaker crystal structure is
a crucial factor in increasing the entrapment of active sub-
stances such as essential oils in the nanoemulsion network
(Bhalekar et al., 2009). Chaudhari et al. (2020) also con-
sidered the change in the arrangement form of molecules
in the structure of the matrix network due to the influence
of additives as the cause of variations in the XRD pattern.
Furthermore, Das et al. (2021) observed destruction in crys-
tallinity of chitosan powder containing the Anethum graveo-
lens EON. They attributed this behavior to the electrostatic
interactions between chitosan, sodium tripolyphosphate, and
the active components of the EO.

FTIR

Figure 5 illustrates the FTIR spectra for EO, BN, and EON.
For EO, the characteristic peaks at 3700-3100 cm™! cor-
responded to the OH stretching (Hasheminya et al., 2019a).
The spectra showed characteristic bands at 2962 and
2869 cm™! (CH stretching), 2728 cm™! (stretching alde-
hyde; C=0), 1860 cm™! (carbonyl anhydride), 1731 and
1710 cm™ (C=0 stretching), 1635 cm™! (vibration for
RHC =CH,), 1580 cm™! (C-0-C stretching vibration of
CHj;), 1520 cm™! (CH (CH3)), 1446 cm™! (C=C bending),
1375 cm™! (isopropyl group), 1237 cm™! (C—-O-C and C-OH
bonds), 1174 cm™! (C=C), and 1132 cm™! (C—O—C stretch-
ing) (Shetta et al., 2019). The peaks at 973 and 937 cm™!
were assigned to the C—H bending vibration (Hosseini et al.,
2013a; Li et al., 2013). The band at 875 cm™! was attributed
to the a-pinene for strained ring structures with an exocy-
clic=CH, group, and the peak at 805 cm™! was related to
the HC = CH- (cis—) bending (Sadowska et al., 2019). The
spectrum also demonstrated the peaks at 722 cm™~! (CH, and
cis -HC = CH —vibrations), 685 cm™! (vibration of alkenes),
and 570 cm™! (aromatic ring vibration) (Li et al., 2013).
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Fig.3 Scanning electron micros-
copy (SEM) images of Froriepia
subpinnata (Ledeb.) Baill essen-
tial oil nanoemulsion (EON) (a)

and blank-nanoemulsion (BN)

(b)

S

SEM HV: 10.0KV |
View field: 1.27 pm |

~ SEM MAG: 100 kx

 SEMHV:10.0kV |
View field: 1.18 ym |
SEM MAG: 108 kx

The BN showed several specific absorption bands (Fig. 5).
The peaks ranging at 3000-3600 cm™' in the spectrum were
attributed to the free OH groups (Hosseinnia et al., 2013).
Also, the bands at the 3000-2800 cm ™! were linked to the
C-H stretching vibrations (Hasheminya et al., 2018). The
peak at 1740 cm™! was associated with the C—C bands
(Liu & Liu, 2020). The spectrum also illustrated the peaks
at 1648 cm™! (-C=C-, cis-), 1520 cm™' (CH (CH3)), and
1458 cm™! (-C-H, cis— bending) (Sadowska et al., 2019).

The spectrum of the EON showed a slight change com-
pared to the BN (Fig. 5). The intensity of the 2927 and
2869 cm™! peaks in the EON increased compared to the
BN, indicating an increase in the content of ester groups
linked to the EO molecules. Similar findings were observed
by Hosseini et al. (2013a), Hosseini et al. (2013b), and Liu
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and Liu (2020). Although the peaks at 1132 and 875 cm™!,
which presented in the EO, were also observed in the EON,
the other peaks in the EO were not observed in the EON.
Similar findings were noticed by Banerjee et al. (2013),
Hosseini et al. (2013a), and Hosseini et al. (2013b). Observ-
ing some of the peaks of Zanthoxylum limonella essential
oil in the spectrum of carbohydrate polymer-protein blends,
Banerjee et al. (2013) concluded that the presence of essen-
tial oil in the polymer matrix was stable and that no chemi-
cal interaction between the essential oil and the matrix com-
position took place. In another study, by observing some
peaks related to the essential oil of Satureja hortensis in
an alginate matrix, Hosseini et al. (2013b) observed the
presence of essential oil particles in the nanoemulsion. The
disappearance of some peaks related to the active substance



Food and Bioprocess Technology (2022) 15:2531-2546

2541

Intensity (a. u.)

2 Theta (degree)

Fig.4 XRD patterns for the essential oil of Froriepia subpinnata
(Ledeb.) Baill (EO), Froriepia subpinnata (Ledeb.) Baill essential oil
nanoemulsion (EON), and blank-nanoemulsion (BN)

(EO) in the spectrum of the nanoemulsion (EON) in our
study has been observed in some other investigations (Fan
et al., 2014; Gharenaghadeh et al., 2017). This phenom-
enon can signify the essential oil entrapment inside the
lipid (surfactant) matrix during the formation of nanoemul-
sions (Fan et al., 2014). In addition, the displacement of
the hydroxyl group in the EO (3438 cm™') to lower wave-
number (3427 cm™") in the EON indicated the formation of
hydrogen bonds between the constituents of the EO and the
surfactants used (Hasheminya et al., 2018).

Antioxidant Activity

The ICs, values obtained from the DPPH free radicals scav-
enging activity for the EO, EON, and BHT were, respec-
tively, 487.23, 388.65, and 22.35 pg/mL on the 1st day
(Table 2). This result showed that both the EO and EON
had antioxidant activity. Besides, ICs, values obtained
from nitric oxide free radicals scavenging activity for the
EO, EON, and BHT were 384.65, 309.62, and 16.15 pg/
mL, respectively, on the 1st day (Table 2). In other words,
the antioxidant activity of the EON was higher compared to
the EO in both the measurement methods (The smaller the
ICs, values, the stronger the antioxidant properties). Simi-
lar findings were observed by Babaoglu et al. (2017), Das
et al. (2021), Gharenaghadeh et al. (2017), Lou et al. (2017),
Manea et al. (2013), and Tiwari et al. (2022).

Since the EO is not dissolved in aqueous systems, this
can reduce the antioxidant activity of the EO. However, the
EON with good solubility in aqueous systems is suitable
for the effective delivery of active compounds. Due to a
larger surface area, quick diffusion of active ingredients is

BN

EON

EO

Transmittance (%)

3425

15207
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Fig.5 Fourier transform infrared (FTIR) spectroscopy for the essen-
tial oil of Froriepia subpinnata (Ledeb.) Baill (EO), Froriepia sub-
pinnata (Ledeb.) Baill essential oil nanoemulsion (EON), and blank-
nanoemulsion (BN)

achieved. Consequently, the EON can hinder free radicals
more effectively, demonstrating further antioxidant activ-
ity (Lou et al., 2017). Also, droplet size reduction due to
the nanoemulsion formation leads to increasing the specific
surface of the essential oil, thus achieving an efficient free
radical scavenging activity (Noori et al., 2018).

In a similar study, Babaoglu et al. (2017) showed that
nanoemulsification of the clove’s EO in hydroxypropyl beta-
cyclodextrin improved the antioxidant activity of the EON
compared to the EO. The increased antioxidant activity was
ascribed to enhancing the EON’s water solubility due to the
nanoemulsification. Besides, Manea et al. (2013) noticed
an improvement in the antioxidant properties of green tea
extract loaded into nanostructured lipid carriers compared
to the green tea extract and attributed this phenomenon to
the mean particle size, the nanoemulsifying effect, and the
synergy between the complex lipid matrixes. Bazana et al.
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Table 2 Antioxidant activity of the Froriepia subpinnata (Ledeb.)
Baill essential oil (EO), Froriepia subpinnata (Ledeb.) Baill essential
oil nanoemulsion (EON), and BHT by DPPH and nitric oxide (NO)

free radicals scavenging activity (ICs,; pg/mL) on the 1st, 15th, 30th,
45th, and 60th days of storage

Method Samples 1st day 15th day 30th day 45th day 60th day
EO 487.23+0.05a,D 488.69+0.12a,D 503.60+1.12a,C 513.78 +2.00a,B 526.11+1.15a,A
DPPH EON 388.65+0.37b,C 389.28 +1.76b,C 390.18 +0.07b,C 391.03+0.12b,B 434.64+0.38b,A
BHT 22.35+0.12¢c,A 22.04+0.019¢c,A 22.15+0.10c,A 22.75+0.13¢c,A 21.32+0.26¢c,A
EO 384.65 +0.05a,D 384.65 +0.05a,D 418.37+0.01a,C 418.37+0.01a,B 418.37+0.01a,A
NO EON 309.62+0.24b,C 310.48+0.17b,C 310.90+0.82b,C 311.02+0.05b,B 362.48 +1.00b,A
BHT 16.15+0.27¢,A 16.21 +£0.15¢c,A 16.05+0.30c,A 16.32+0.11c,A 16.34 +£0.05¢c,A

“Different lowercase letters in the same column for each method indicate a significant difference (p <0.05)

““Different uppercase letters in the same row indicate a significant difference (p <0.05)

(2019) also noticed antioxidant activity enhancement of the
nanoemulsions containing the Physalis peruviana calyx
extract compared to the extract, attributing this phenomenon
to the protective effect of the nanostructured systems, which
protect the bioactive compounds in the extract, resulting in
the longer shelf life of the nano-capsulated extracts. Moreo-
ver, Das et al. (2021) attributed the increased antioxidant
activity of nanoemulsions containing Anethum graveolens
EO to the controlled release of EO from chitosan nano-
matrix at higher surface-to-volume ratios. The formation of
hydrogen bonds between hydroxyl groups in phenolic com-
pounds and the chitosan matrix, which causes a controlled
release of extract, can also increase antioxidant capacity.

In addition to the above, the results showed that the anti-
oxidant activity of the EO and EON in both tested methods
decreased over time (Table 2). The antioxidant activity of the
EO was significantly reduced from the 30th day of storage

Table 3 Minimum inhibitory concentration (MIC; mg/mL) and mini-
mum microbicidal concentration (MMC; mg/mL) of the Froriepia
subpinnata (Ledeb.) Baill essential oil (EO), Froriepia subpinnata

compared to the 1st and 15th days. However, the antioxidant
power of the EON decreased significantly from the 45th day
of storage compared to the 1st, 15th, and 30th days. The
gradual decrease in the antioxidant activity of the EON com-
pared to the EO could be ascribed to the protective effect of
the nanoemulsion (Bazana et al., 2019). These findings were
in line with Bazana et al. (2019) and Noori et al. (2018). The
physical and chemical instability of essential oils’ phenolic
compounds and their degradation due to external parameters
such as oxygen, light, humidity, temperature, and pH are
crucial factors in reducing the antioxidant power of the EO
and EON (Bazana et al., 2019; Noori et al., 2018).

Antimicrobial Properties
The antimicrobial activities of the EO and EON are shown

in Table 3. The EO and EON showed antimicrobial effects

(Ledeb.) Baill essential oil nanoemulsion (EON), and positive con-
trol (Gentamicin antibiotic) for Escherichia coli and Staphylococcus
aureus on the 1st, 15th, 30th, 45th, and 60th days of storage

Bacterium Samples 1st day 15th day 30th day 45th day 60th day
MIC Escherichia coli EO 0.63+0.00a,B 0.63+0.00a,B 0.63+0.00a,B 0.63+0.00a,B 1.25+0.00a,A
EON 0.31+0.00b,A  0.31+0.00b,A  0.31+0.00b,A  0.31+0.00b,A  0.31+0.00b,A
Gentamicin  0.004 £0.00c,A  0.004+0.00c,A 0.004+0.00c,A 0.004+0.00c,A 0.004+0.00c,A
Staphylococcus aureus  EO 0.31+0.00a,B 0.31+0.00a,B 0.31+0.00a,B 0.31+0.00a,B 0.63+0.00a,A
EON 0.16+0.00b,A  0.16+0.00b,A  0.16+0.00b,A  0.16+0.00b,A  0.16+0.00b,A
Gentamicin  0.004 £0.00c,A  0.004+0.00c,A 0.004+0.00c,A 0.004+0.00c,A 0.004+0.00c,A
MMC  Escherichia coli EO 5+0.00a,B 5+0.00a,B 5+0.00a,B 5+0.00a,B 10+£0.00a,A
EON 2.5+0.00b,A 2.5+0.00b,A 2.5+0.00b,A 2.5+0.00b,A 2.5+0.00b,A
Gentamicin  0.009 £0.00c,A  0.009+0.00c,A 0.009+0.00c,A 0.009+0.00c,A 0.009+0.00c,A
Staphylococcus aureus  EO 1.25+0.00a,B 1.25+0.00a,B 1.25+0.00a,B 1.25+0.00a,B 2.5+0.00a,A
EON 0.63+0.00b,B 0.63+0.00b,B 0.63+0.00b,B 0.63 +0.00b,B 0.63+0.00b,B
Gentamicin  0.009+0.00c,A  0.009+0.00c,A 0.009+0.00c,A 0.009+0.00c,A 0.009+0.00c,A

“Different lowercase letters in the same column for each bacterium indicate a significant difference (p <0.05)

““Different uppercase letters in the same row indicate a significant difference (p <0.05)
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against Staphylococcus aureus and Escherichia coli. The
MIC of the EO varied from 0.63 mg/mL (Staphylococcus
aureus) to 0.31 mg/mL (Escherichia coli) on the 1st day
(Table 3). The MIC of the EON was from 0.16 mg/mL
(Staphylococcus aureus) to 0.31 mg/mL (Escherichia coli)
on the 1st day (Table 3). Besides, the MMC of the EO varied
between 1.25 mg/mL (Staphylococcus aureus) and 5 mg/mL
(Escherichia coli) (Table 3) on the 1st day. The MMC of
the EON was between 0.63 mg/mL (Staphylococcus aureus)
and 2.5 mg/mL (Escherichia coli) on the 1st day (Table 3).
In general, the MIC and MMC of the EON were signifi-
cantly below the EO in the tested bacteria, demonstrating
a higher antimicrobial activity of the EON. Similar find-
ings were observed by Gharenaghadeh et al. (2017), Jemaa
et al. (2018), and Moghimi et al. (2016). The positive control
(Gentamicin) in all the cases had a more substantial antibac-
terial effect than the EO and EON (Table 3).

Studies on the antimicrobial effect of the EO of the FSLB
are scarce (Mohammadzadeh et al., 2018). Antibacterial
characteristic of the EO is linked to their active constituents
(including isoprenes such as monoterpenes and sesquit-
erpenes) and the hydrophobic property of their hydrocar-
bon structure with functional compounds (Hasheminya &
Dehghannya, 2020c). Moreover, research has shown that
compounds such as p-cymen-8-ol and limonene, identified
in the EO, have also demonstrated antibacterial properties
(Pires et al., 2006).

As noted, the antibacterial activity of the EON was bet-
ter than the EO. The antimicrobial characterization of the
nanoemulsions is attributed to their small particle sizes.
Such droplets cause a quick fusion with bacterial cells and
endanger their life (Jemaa et al., 2018). Besides, increasing
the antibacterial properties of the EON is associated with
enhancing its capacity to interrupt the cell membrane of bac-
teria (Moghimi et al., 2016). Sugumar et al. (2014) stated that
the reduction in particle size by an ultrasonic process with
increasing surface area leads to more significant interaction
of nanoemulsion particles with bacterial membrane, causing
to increase the antibacterial activity. Ghaderi-Ghahfarokhi
et al. (2016) stated that emulsification of thyme EO in chi-
tosan nanoparticles resulted in a better inhibitory effect on
the Enterobacteriaceae family compared to the EO, indicat-
ing the synergistic effects of the EO and chitosan nanopar-
ticles in controlling the gram-negative bacteria. Sepahvand
et al. (2021) also noted that the antibacterial activity of the
thymol EON was considerably higher than its EO against
Escherichia coli, Staphylococcus aureus, and Clostridium
perfringens. Uniform distribution of the EON in bacterial
broth medium resulted in better performance than the EO.
The oily nature of the EO caused a considerable amount of it
to accumulate on the medium’s surface, preventing its proper
distribution in the medium, which ultimately led to a decrease
in the performance of the EO.

In general, nanoencapsulation of EO in emulsifying sys-
tems increases their antimicrobial properties in three ways:
(1) These systems can transfer the antimicrobial compounds
to the layer of the cell membrane, in which case the com-
pounds can be inserted into the membrane and affect the
membrane from inside. (2) These systems act as carrier
agents and bring specified concentrations of the compounds
to the microorganisms within the aqueous phase. (3) At the
surface of the bacterial membrane, some holes are the place
of entry and exit of different compounds; the smaller the
produced nanoemulsions, the more conveniently they can
enter these holes and release their bioactive compounds
(Gharenaghadeh et al., 2017).

Moreover, the results indicated that the antibacterial effect
of both the EO and EON was higher on gram-positive (Staph-
ylococcus aureus) bacteria than gram-negative (Escherichia
coli) ones (Table 3). The enhanced vulnerability of the gram-
positive bacteria is attributed to the absence of a lipopolysac-
charide cell wall. This might hinder active compounds from
crossing the membrane in the germ-negative bacterial cell
wall. In general, antimicrobial mechanisms against differ-
ent bacteria are rooted in their cell structure (Hasheminya
et al., 2018). The outer membrane of the gram-negative bac-
teria restricts the release of lipophilic material through the
lipopolysaccharide covering layer. In the gram-positive bac-
teria, direct contact of the hydrophobic constituents of the EO
occurs with a two-layer phospholipid, which is where these
active compounds generate their antimicrobial influence.
This effect occurs either through enhancing ion diffusivity,
dripping vital intracellular compositions, or damaging the
bacterial enzyme system (Sandri et al., 2007).

Furthermore, the results showed that the MIC and MMC
of the EO increased significantly on the 60th day of stor-
age compared to the Ist, 15th, 30th, and 45th days; this is
while the MIC and MMC of the EON did not change dur-
ing the 60-day storage (Table 3). Similar observations have
been noticed by Moraes-Lovison et al. (2017). The EON
enhanced the antibacterial ability compared to the EO during
the long-term storage by increasing the protection and stabil-
ity of the bioactive compounds (essential oil). This phenom-
enon is critical for protecting food materials and enhancing
their shelf life (Bazana et al., 2019; Moraes-Lovison et al.,
2017).

Conclusions

The GC-FID and GC-MS analysis showed that the EO
extracted from the leaves of the FSLB were composed of 28
compounds, the main of which was p-cymen-8-ol (22.83%).
The results showed that the EON, produced using Tween
80 and Span 80 surfactants, and the ultrasonic process, was
in the nano-scale range. Mean particle size, PDI, and zeta
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potential of the EON did not change significantly during the
45-day storage, confirming its stability during this period.
Spherical nanoparticles with a size of less than 100 nm were
identified by SEM. Moreover, XRD and FTIR spectroscopy
confirmed the essential oil nanoencapsulation. Antioxidant
and antibacterial evaluations indicated that nanoencapsulation
of the essential oil was able to improve and maintain these
properties over time compared to the EO. The nanoemulsi-
fication method provided a convenient and effective way to
enhance the activity and efficiency of the liposoluble active
compounds. In conclusion, the present study showed that the
FSLB’s EO and its novel nanoemulsified form, developed
using ultrasound and two surfactants, can be used as natural
antioxidant and antimicrobial agents in related industries.
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