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Abstract

Denak (Oliveria decumbens Vent.) is an endemic aromatic plant belonging to Apiaceae family. This study evaluated the
antifungal activity of denak essential oil (EO) nano-emulsions formulated by ultrasonic emulsification on Penicillium digi-
tatum, the main causal agent of postharvest decay of citrus fruit. EO chemical compositions detected by gas chromatography
demonstrated that thymol (28.5%), carvacrol (26.2%), myristicin (17.5%) and elemicin (9.9%) were the dominant compo-
nents. Denak EO nano-emulsions with droplet diameter of 26.9 nm formulated by ultrasonic emulsification. Inhibition of
mycelial growth was observed at EO concentrations higher than 0.5 uL mL~!. The antifungal activity of the EO increased
with increasing the concentration of EO. The minimal inhibitory concentration of EO nano-emulsion was found to be 0.5
uL mL~!. These results demonstrate the potential of ultrasonication for preparing denak EO nano-emulsion which could be
used as a suitable treatment to control postharvest diseases caused by P. digitatum and possibly other pathogens. This newly

formulated denak EO nano-emulsion can be applied as a useful treatment for prevention of citrus losses.
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Introduction

Citrus fruits are among the most important economic prod-
ucts in the international fruit market. However, it is very
sensitive to decay, especially due to Penicillium digitatum
and Penicillium italicum pathogens, causing green and blue
molds [1]. Fungal infections are the main causes of post-
harvest decay of fresh fruits and vegetables during different
stages of the postharvest chain, thereby leading to important
economic losses and waste [2]. The use of antifungal agents
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including a number of synthetic fungicides such as imazalil
to control fungal spoilage has been a common practice for
the last few decades [3]. However, the continuous use of
fungicides to control postharvest diseases produce resist-
ant isolates of fungi with multiple fungicide resistance. In
addition, there is as increasing public concern regarding the
contamination of fruit and vegetables with fungicidal resi-
dues [4]. Considering the public awareness about harmful
effects of chemical compounds on both human health and
the environment, and increasing consumers demand to use
natural and healthy food products [5], the current research
was conducted to develop safer and eco-friendly alternative
strategies for replacing synthetic chemicals with natural sub-
stances in the food industry.

In previous research, it was found that coating ‘Thomson
navel’ oranges with shellac enriched with cinnamon EO
improved fruit storability [6]. Biological approaches such
as the application of nanocompounds and plant bioactive
derivatives in essential oils (EO) are promising techniques
to ensure human health by replacing synthetic fungicides
for the control of citrus postharvest diseases. Some plant
products have been recognized and used for food protection
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[5,7, 8]. EOs are natural complex compounds derived from
aromatic plants, containing many compounds at different
concentrations with potent antifungal, antiviral, and antibac-
terial activities, which are widely used for food preservation
[9-11]. They can be used directly or in other forms such as
edible coatings [12].

Nanotechnology has made significant advances in various
fields of science and product innovation, including nano-
emulsions or nanometric scale emulsions for their potential
applications in the food, agriculture, cosmetic, and phar-
maceutical industries [9]. Nano-emulsions or nanometric
scale emulsions are metastable submicron oil-in-water dis-
persions, which have a droplet diameter of 1-100 nm [10].
They can penetrate into or be absorbed by cells efficiently
[11]. Nano-emulsions have also received attention as anti-
microbial agents, given their particular physicochemical
properties such as their nanometric droplet size and high
physical stability [12].

EO can be used as oil cores in oil-in-water nano-emul-
sions [13]. Nano-emulsions of EO as active agents have
shown efficient antimicrobial properties against different
pathogens [14]. Denak (Oliveria decumbens Vent.) is an
anuual herbaceous plant indigenous to subtropical regions

Fig. 1 Preparation of essential
oil of denak (Oliveria decum-
bens Vent.)

Fresh flowers

Essential oil

of Iran, Iraq, Syria and Turkey. It has been used tradition-
ally as a medicinal plant against some diseases [15]. There
is scarce literature about the beneficial effects of this plant
EO. So, this study was carried out in order to investigate the
in vitro activity of denak essential oil (DEO) nano-emulsion
prepared by ultrasonication against P. digitatum (Pers.) Sacc.

Materials and methods
Plant material and essential oil preparation

The denak (Oliveria decumbens) flowers were collected at
the full-bloom stage from their natural habitat in the city
of Khonj, Fars province, Iran (53° 24’ N, 27° 57" E) from
June to September, 2017 (Fig. 1). The flowers were air dried
at 25-30 °C and packed in dark high density polyethylene
bags and kept in a cool place (22 °C, RH=40%) for further
experiments. For each experiment, required quantity of the
flowers were crushed. The hydro-distillation was carried out
using a Clevenger apparatus, according to the description of
British Pharmacopoeia (1980), with a magnetic heater stirrer
(220 V, 1 kW) as heating source. One hundred g of powder
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was extracted with 1 L distilled water until no measurable
essential oil was extracted (about 3 h). The essential oil was
collected, dried under anhydrous sulfate and stored in dark
air-tight vials at 4 °C for further analysis and preparation of
nano-emulsion. Each extraction was performed at least three
times. The yield (%) was evaluated by dividing the volume
of essential oil extracted (mL) into the weight of dry flowers
(g), multiplied by 100 [16].

Essential oil components identification
and quantification

The DEO chemical composition determination was carried
out using a gas chromatograph (Agilent 7890A, Santa Clara,
CA, USA) coupled with mass spectrometer (Agilent 5975C,
USA) and a mass fused silica capillary column (HP-5 MS,
30 m length X 0.25 mm internal diameter X 0.25 pm film
thickness, J & W Scientific, Folsom). The samples were
injected at split ratio of 1:50. Helium was used as a carrier
gas at a flow rate of 1 mL min~"! at temperatures of 230, 280,
and 280 °C for ion-source, injector, and detector, respec-
tively. The oven temperature program initiated at 60 °C and
linearly increased to 210 °C at 3 °C min~' followed by a
20 °C min~" rise to 240 °C and a 8.5 min isothermal time.
Mass spectra were recorded from 50 to 480 atomic mass
unit (amu) at 70 eV in the electronic ionization (EI) mode,
as described by Damyeh and Niakousari [17]. Individual
components were identified by comparison of mass spectra
with those in the NIST and Wiley libraries.

Nano-emulsion preparation

The oil-in-water nano-emulsions were prepared as described
by Salvia-Trujillo et al. [18] with some modifications.
Briefly, water (94% v/v) was added to a mixture of DEO and
tween 80 (HLB 15) (1:1 v/v) at room temperature under gen-
tle magnetic stirring (60 rpm) for 15 min. The coarse emul-
sion was then sonicated for 10 min using a 20 kHz ultra-
sonic processor with a 750 W output (Bandelin, Sonopuls
HD 4200, Bandelin Elec., Berlin, Germany). Sonication of
nano-emulsion was accomplished using a 13 mm ultrasonic
horn, which kept in about 20 mm below the surface while
keeping the content cooled using an ice bath.

Nano-emulsion characterization

The hydrodynamic diameter (D) and polydispersity index
(PDI) of DEO nano-emulsions were determined by Dynamic
Light Scattering (DLS) using a Horiba SZ-100 nanoparti-
cle analyzer (Horiba, Kyoto, Japan) equipped with a DPSS
laser (A=532 nm) at a scattering angle of 90° at 25 °C. The
particle size and size distribution of the nano-emulsion were
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also monitored after being diluted with an aqueous solution
of tween 80 (3% v/v).

Antifungal activity
Mold strain

The fungal strain, Penicillium digitatum IR1037c, was pro-
vided by the Iranian Research Institute of Plant Protection
(IRIPP). After 2 min of immersion in ethanol, ‘Valencia’
oranges (Citrus sinensis cv. Valencia) as a commercial cul-
tivar were dried and artificially wounded at two sites around
the stem end using a 5 mm cork-borer. The wounds were
then inoculated with mycelial plugs cut from the periphery
of a 7-day old culture of P. digitatum on potato dextrose agar
(PDA, Sigma-Aldrich, St. Louis, MO). The oranges were
stored at room temperature (22 °C, RH=40%) for 5 days
until visual mold growth was observed. The grayish olive-
green mold was isolated from fruit skin by washing with
sterile water and then plating on PDA. The mold isolate was
then purified by the single-spore method [19], and grown
on PDA at 25 °C for 7 days. The identity of the isolate was
confirmed by macroscopic observations and microscopic
examination (grayish olive colonies, reverse yellowish-
brown, unequal growth and branching, short conidiophores
and conidial chains, cylindrical to oval, smooth-walled
conidia) [20] (Fig. 2).

Screening for antifungal activity

The antifungal activity of DEO nano-emulsion against P.
digitatum was assessed using a disc diffusion assay [21].
The spore suspension was prepared by washing a 7-day old
PDA culture of the isolate with 2 mL of normal saline (9 g
L~ NaCl) and adjusted to 10° conidia mL~! using a Neu-
bauer’s chamber. Molten PDA was then seeded with conidia
inoculum to give a final concentration of 10* conidia mL~".
Solutions with lower concentrations of essential oil (0.05,
0.10, 0.20, 0.25, 0.30, 0.50, 1.0, 1.5, 2.0, 2.5 uL mL™") were
obtained by diluting the stock DEO nano-emulsion with an
aqueous solution of tween 80 (3% v/v). 6 mm-diameter
blank disks were placed on the agar surface and inoculated
with 10 uL aliquots of various dilutions of nano-emulsion.
Distilled water, tween 80, and DEO were used as controls.
After 72 h incubation at 25 °C, the plates were examined for
growth inhibition zones around the disks.

Determination of fungistatic activities

Minimal inhibitory and fungicidal concentrations of DEO
nano-emulsion against P. digitatum were determined by the
method of Puskarova et al. [22]. The stock solution of DEO
nano-emulsion in tween 80 was added to molten PDA to
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Fig.2 Penicillium digitatum IR1037c: A colonies on PDA after 7 days of incubation at 25 °C, B spores (x100)

give final concentrations of essential oil of 0.20, 0.25, 0.30,
0.50, 1.0, 1.5, 2.0, and 2.5 pL mL~!. The plates were then
inoculated at the center with 5 mm fungal plugs from the
outer margin of 7-day old cultures of P. digitatum and incu-
bated at 25 °C for 7 days. The controls used included PDA
without any added dispersant and the culture medium mixed
with tween 80. The radial growth of the mycelial plugs was
measured at 24-h time intervals. At the end of the incubation
time, the plugs with no visible growth were re-inoculated
on fresh PDA and incubated at the same temperature for an
additional 7 days to assess their viability. Minimal inhibitory
concentration (MIC) was defined as the lowest concentra-
tion allowing growth revival of the inhibited mycelial plugs.

Statistical analysis

Data were analyzed using IBM SPSS 21.0 statistical soft-
ware (IBM Corp., Armonk, NY, USA) and comparisons

were performed through Mann—Whitney U test. The sig-
nificant differences were evaluated at P <0.05.

Results and discussion
Essential oil components

The production yield of DEO was 2% (v/w) which was well
comparable to the values reported by Esmaeili et al. [23]
(2.8%). The flowering stage of denak has been reported as
the phenological stage with the highest essential oil yield.
A total of 37 compounds were identified using GC-MS,
representing 99.97% of the DEO (Table 1). Thymol was
the most abundant compound accounting for 28.53% of the
total peak area, followed by carvacrol (26.22%), myristicin
(17.49%), and elemicin (9.95%). These findings are in line
with previous studies reporting thymol and carvacrol as the

Table 1 Chemical composition of denak (Oliveria decumbens Vent.) essential oil

Component Concentration Component Concentration Component Concentration
(peak area%) (peak area%) (peak area%)

Tricyclene 0.007 1,8-Cineole 0.026 Carvacrol 26.22
o-Thujene 0.042 (Z)-p-Ocimene 0.006 Piperitenone 0.035
a-Pinene 0.23 Benzene acetaldehyde 0.004 Eugenol 0.076
Camphene 0.069 (E)-p-Ocimene 0.005 Methyl eugenol 0.006
Sabinene 0.012 y-Terpinene 7.079 p-Selinene 0.037
B-Pinene 0.803 Terpinolene 0.122 d-Selinene 0.01
Myrcene 0.182 Linalool 0.074 Myristicin 17.489
n-Octanal 0.009 n-Nonanal 0.007 Elemicin 9.946
a-Phellandrene 0.067 Terpinen-4-ol 0.235 Spathulenol 0.021
p-Mentha-1(7),8-diene 0.013 a-Terpineol 0.057 Caryophyllene oxide 0.006
a-Terpinene 0.229 Thymol methyl ether 0.016 B-Eudesmol 0.017
p-Cymene 5.414 Carvacrol methyl ether 0.009
Limonene 2.863 Thymol 28.531

Total 99.97
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major components of the DEO [23, 24]. Differences in EO
composition can be attributed to several factors such as geo-
graphical area and the time and stage of plant collection. The
antimicrobial effect of a given EO depends on its chemical
composition, possibly its phenolic components [25].

Nano-emulsion characterization

The mean droplet size and PDI of DEO nano-emulsion were
26.9 nm and 0.36, respectively. The droplet size decreased
with increasing the dilution of the nano-emulsion, while the
PDI values remained < 0.57.

The average drop size (DS) of DEO nano-emulsion
was 26.9 nm (Fig. 3). Tween 80 effectively minimized the
droplet diameter; much more efficient than other polymers
[26]. Indeed, surface-active agents acted as emulsifiers and
reduced the free energy needed to prepare nano-emulsions
by reducing the tension between the faces in the oil/water
interface [27]. With an increase in surfactant concentration
(by dilution), the mean droplet diameter of the emulsion
was decreased.

These results are in line with those of Gutierrez et al. [28]
indicating that the minimum droplet size can be obtained
with a low oil surfactant ratio. Mean DS (Z-averages) and
PDI are indeed very important indicators that describe the
quality, uniformity and dispersibility of the nano-emulsions
[29]. Ultrasonication results in smaller dispersed water drop-
lets and DS in emulsion. Polydispersity shows the range of
size or the homogeneity of the particle, thereby the smaller
the value, the more homogenous the emulsion. Polydis-
persity index (PDI) is the ratio of molecular weight aver-
ages, which is used to show molecular weight distributions
(MWD) or the heterogeneity ratio [30]. Polydispersity, in
turn, shows the extent of consistency and cohesion of the
DS in the emulsion [31]. The PDI measured with a range
of 0.06-0.574 indicated that all nano-emulsions had a rela-
tively narrow range of size distribution. Likewise, the DS
increased with an increase in the concentration of the oil

phase in the formulations, while it decreased with dilution
(which in turn increased surfactant concentration). The DS
of the nano-emulsions is a function of oil surfactant weight
ratio [32].

Antifungal activity

In the disk diffusion assay, the DEO nano-emulsion showed
antifungal activity against P. digitatum at concentrations
higher than 0.5uL mL™" (Fig. 4A). The lower concentrations
of DEO nano-emulsion (0.20, 0.25, 0.30 uL mL_l) were
found to reduce the mycelium radial growth of P. digitatum
on the culture medium. By contrast, there was no growth in
the presence of concentrations higher than 0.50 uL mL™!
(Figs. 4B and 5). The inhibitory activity of DEO nano-
emulsion against P. digitatum increased in a concentration-
dependent manner, as inhibition percentage values of 24.1,
34.3, 56.7% were obtained at the concentrations of 0.20,
0.25, and 0.30 uL mL~!, respectively. Full growth inhibi-
tion was observed at concentrations equal to or above 0.50
uL mL~!. Tween 80 did not significantly affect the growth
rate (Fig. 6). All the mycelial plugs with no evident growth
(at DEO nano-emulsion concentrations of 0.50 yL mL~"
or higher) showed recovered activity following transfer to
non-treated PDA. The concentration of 0.50 uL mL~! was,
therefore, recorded as MIC of DEO nano-emulsion against
P. digitatum. In line with our results, the incorporation of
basil EO to chitosan improved antimicrobial activity [33].
To the best of our knowledge, this is the first report on
the use of DEO nano-emulsion in the medium against P.
digitatum. It has been reported that addition of 250 uL L™
of oregano and thyme EO to the PDA medium inhibits the
mycelium growth and spore production of P. digitatum [34].
Likewise, Hall [35] reported that the growth of P. digitatum
was significantly reduced in the medium containing cin-
namon EO. Similarly, the antimicrobial activity of potato
starch film increased following fennel (Foeniculum vulgare
L.) EO incorporation [36]. The antibacterial effect of films
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. . . : B N
ultrasonic emulsification. Solid ~ 20 - 7
line, frequency; dotted line, é | KT
cumulative undersize fraction Z 15 60 ’5
curve g | P
£ - 40 E
9:" 10 A =
= E
51 - 20 £
1 @]
1
0 T T T — T T 0
0 10 20 30 40 50 60 70 80 90 100 110

@ Springer

Particle diameter (nm)



Nano-emulsion of denak (Oliveria decumbens Vent.) essential oil: ultrasonic synthesis. .. 329

Fig.4 A Disk diffusion assay showing antifungal activity of denak
essential oil (DEO) nano-emulsion against Penicillium digitatum
IR1037c at different concentrations: (a) 0.5 pL mL~!, (b) 1.0 jus
mL7!, (¢) 1.5 uL mL™}, (d) 2.0 uL mL7!, (e) 2.5 uL mL~}, (f) tween

containing EO constituents have been reported [37]. Besides,
DEO with high ratios of thymol and carvacrol could be an
effective source of active antimicrobial agents which can
be, in turn, attributable to oxygenated monoterpenes such as
thymol and carvacrol [38]. The beneficial effects of thymol
and carvacrol have noted in some researches [38, 39].
However, the antifungal mode of action of DEO is not
sufficiently understood. Although, conidia and/or hyphae
membrane and cell wall scratch with morphological changes
have been hypothesized [40]. Habibian et al. [41] reported

80. B Growth inhibition of Penicillium digitatum IR1037c by differ-
ent concentrations of DEO nano-emulsion [0.0 (control), 0.20, 0.25,
0.30, 0.50, 1.0, 1.5, and 2.0 uL mL_l] after 7 days of incubation at
25°C

that thyme EOs were associated with degeneration of fungal
hyphae. It has been proposed that the antimicrobial activ-
ity of phenolic compounds such as thymol and carvacrol
is attributable to the hydroxyl group and the presence of
electrons delocalized system [42].

The most important active ingredients of DEO are thy-
mol and carvacrol, which may induce the antifungal effect
of this EO. It has been reported that thymol has a strong
antifungal effect on Penicillium species with a low MIC of
about 0.1% [43].
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Radial growth diameter (cm)

-1

Fig.5 Radial growth of Penicillium digitatum IR1037c on potato
dextrose agar plates containing different concentrations (uL mL™')
of denak essential oil nano-emulsion [0.0, filled square; 0.20 1, filled
triangle; 0.25, open square; 0.30, open circle; > 0.50 (0.50, 1.0, 1.5,

rowth inhibition (%)

G

Time (day)

Fig.6 Growth inhibition of Penicillium digitatum IR1037c by dif-
ferent concentrations of denak essential oil (DEO) nano-emulsion
[0.20, 0.25, 0.30, and > 0.50 (0.50, 1.0, 1.5, 2.0, and 2.5) uL. mL"'] in
potato dextrose agar during 7 days of incubation at 25 °C. No growth
was observed on days 0 and 1 for all treatments including the control
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2.0, and 2.5), open triangle; tween 80, filled circle] after 7 days at 25
°C. Values are the mean of six replicates. Error bars indicate standard
error of the mean

BTween 80
§0.20 pL mL-1 DEO
©0.25 uL mL-1 DEO
©0.30 pL mL-1 DEO
82050 pL mL-1 DEO

(without DEO). Values are given as mean of six replicates. Error bars
indicate standard error of the mean. *P < 0.05; **P < 0.01 indicate
statistically signifcant growth diferences compared to the control on
the same day (Mann—Whitney U test)
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Conclusions

The DEO contains bioactive compounds with antimicro-
bial characteristics with a potential use as an antimicro-
bial agent to control postharvest decay, preserve quality
and prolong the postharvest life of fruits and vegetables.
DEO with high ratios of thymol and carvacrol could be an
effective source of active antimicrobial agents. Sonication
was shown to be an effective technique to produce stable
nano-emulsions containing DEO. Nano-emulsion of DEO
at a drop diameter of 29.6 nm produced by 10 min ultra-
sonication process exhibited efficient antifungal activity.
The present work indicates that nano-emulsion contain-
ing DEO is an effective mean for postharvest treatment of
citrus fruit to control diseases caused by P. digitatum. Full
growth inhibition was observed at concentrations equal
to or above 0.50 uL mL~!. This nano formulated EO is a
promising treatment to use in citrus postharvest industry
instead of chemical fungicides.
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