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Abstract: In this work by encapsulation technique we have synthetized three new clove bud essential
oil (CEO) Emulsifiable Concentrate (EC) formulations depending on the carrier (synthetic zeolite-
F-CSZ, nature zeolite- F-CNZ and gelatin- F-CG). The main idea was to develop an eco-friendly
biopesticide that can find use in plant protection as an alternative to the use of conventional pesticides.
By encapsulation we wanted to enable water solubility and ensure prolonged efficacy of the essential
oil. Biological activity of designed CEO formulations was tested on potato tuber moth Phthorimaea
operculella (fumigant mode of action), gray mold fungal pathogen Botrytis cinerea (preserver coatings),
and soft rotting bacterial pathogens Pectobacterium carotovorum (subsp. carotovorum and brasiliensis)
and Dickeya dianthicola (direct competition). CEO formulations evinced a prolonged action on
mortality of P. operculella during the insects’ exposure to the concentration of the emulsions of
40 uL L1 air. The mortality gradually decreased from a probability of 100% after the first 24 h to 50%
after 5 days for F-CSZ or after 4 days for F-CNZ and F-CG. The most promising formulation is F-CSZ
enabling activity during 14 days of exposure, while the effect of the other two formulations lasted
10 days. All three formulations produced a strong fungicidal effect against B. cinerea by preventing
infection and disease development. The best efficacy was evidenced with F-CSZ (synthetic zeolite
as a carrier) showing 100% efficacy when it was used even at the lowest tested concentration of
active CEO (1%). The results of in vitro testing against soft rot pathogens determined the MIC value
of CEO formulations to be 1% of active CEO. By this research, we present a novel perspective on
the use of essential oils as an alternative, environmental biopesticide. CEO formulations can be
commercially exploited as a fumigant or preserver coatings to extend the shelf life of stored products
or the fresh-fruit market.

Keywords: essential oil; zeolite; gelatin; encapsulation; pest control

1. Introduction

Plant protection products known as synthetic pesticides help in increasing the yield
of food crops by controlling the loss caused by the pre- and post-harvest pests including
insects, pathogens, and weeds. Estimated potential crop yield losses worldwide are 35% in
the field and 14% in storage bringing the total loss of up to 50% [1—4].

Chemical-based methods of pest control in stored products are under threat for many
reasons including costs, regulatory restrictions, health fears, and environmental dangers [5].
Today’s global market has demanded more fresh fruits and vegetables free from pesticide
residues. Combating environmental pollution and its impact on the life systems imposed
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replacement of synthetic chemicals with alternatives. Therefore, the introduction of natural
pesticides, both of microbial and plant origin, is aimed to be a promising alternative to
conventional pesticides.

Natural pesticides based on plant essential oils are gaining increasing attention in
the food and agriculture industry [6-11]. Essential oils (EOs) have widespread use due
to their antimicrobial, fungicide, insecticidal, and insect repellent activity [6,8,12]. Clove
bud (Syzygium aromaticum L., syn. Eugenia aromaticum, E. caryophyllata, Myrtaceae family)
essential oil (CEO) is known for its insecticide, antimicrobial, and nematicidal activity
thanks to eugenol as the main active component [8,13-23].

Although many studies have indicated excellent antimicrobial and insecticidal prop-
erties of essential oils, their use is limited due to water insolubility, high volatility, rapid
oxidation, and degradation on exposure to air [11,24]. To overcome these problems, dif-
ferent techniques that can provide their physical stability, protection from evaporation,
and water solubility are required. Encapsulation of EOs in appropriate carriers is the most
promising technique where the bioactive substance is entrapped, surrounded by a carrier
matrix, which allows one to control the rate of bioactive release [3,10,24-26]. Polymer
coating tends to increase oil stability and efficiency by prolonging the release rate of ac-
tive components [3,10,24,27-30]. The most common polymers used for food ingredients
encapsulation include gelatin, arabic gum, modified starches, and whey protein [10,27,31].

This research is addressed on the synthesis of new, eco-friendly formulations based
on CEO encapsulation, which will improve oil solubility in water and biological efficacy
by prolonging its release. Zeolites and gelatin were chosen as carriers in formulations.
Designed formulations are predicted to be used in agriculture in the field of plant protection,
for pests and disease control. Therefore, biological activity will be tested on selected pests
and pathogens, which can be found in the open field as well as in storage conditions,
(i) potato tuber moth Phthorimaea operculella Zeller [32], as one of the most destructive
pests of Solanaceae, (ii) gray mold fungi pathogen Botrytis cinerea, that infects fruits (pome,
stone), berries, grapes, and several vegetable species [17,30,33-35], and (iii) soft rot bacterial
pathogens Pectobacterium carotovorum (subsp. carotovorum and brasiliensis) and Dickeya
dianthicola destructive on a wide range of plants [36-40]. All of these harmful organisms
with broad-host-range are widely present in Serbia and known to cause severe losses on
attacked plant hosts. The harmfulness of P. operculella is reflected in the high level of potato
tubers damage (up to the complete yield loss), as well as the complexity of its control [32].
The damages are considered to be quite significant at the locations with highest potato
yields and production in Serbia [32]. Grey mold is among the most important diseases
limiting fruit and vegetable production in Serbia. Total yield loss can exceed 80%, especially
during favorable periods for disease development (rainy and wet weather before and
during harvest). Development of resistance to fungicides has become a serious problem in
the control of B. cinerea worldwide; therefore, alternative solutions for pathogen control
are required. Soft rot frequently appeared in storage conditions, primarily on potato. On
potatoes in the field, these bacteria cause blackleg disease, which can reduce the yield by
up to 44.7% in Serbia [39].

The present study aimed to formulate biopesticide based on the encapsulation tech-
nique of CEO using different carriers that will improve water solubility and ensure the
prolonged efficacy of the oil, and to check their insecticidal (test organism P. operculella) and
antimicrobial (test organisms B. cinerea, P. carotovorum, D. dianthicola) activity.

2. Materials and Methods
2.1. Gas Chromatography—Mass Spectrometry (GC-MS) Analysis

Clove essential 0il (CEO) is obtained by steam distillation of clove flowers (Syzygium
aromaticum) (Probotanic). In order to identify components and to determine their amounts
in CEO, GC-MS analysis was performed on a GC Agilent Technologies model 6890N,
equipped with an Agilent Technologies capillary HP-5MS column (60 m length; 0.25 mm
i.d.; 0.25 pm film thickness), and coupled to a mass selective detector (MSD5975B, ioniza-
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tion voltage 70 eV; all Agilent, Santa Clara, CA, USA). The carrier gas was Helium, used
ata 1.2 mL min~! flow rate. The oven temperature program was set as follows: 0 min at
60 °C ramped from 60 to 240 °C at 3 °C/min, and 5 min at 240 °C. The chromatograph was
equipped with a split/splitless injector used in the split mode with a split ratio of 50:1. Be-
fore the analysis sample was diluted with EtOH in ratio 1:10 (100 uL CEO + 900 uL EtOH).
The relative proportion of each component was expressed as the percentage obtained by
peak area normalization, while all relative response factors were taken as one. Their Kovats
indices were calculated using a homologous series of C8-C25 n-alkanes injected at the
same conditions. Identification of components, in the first step, was assigned by matching
their mass spectra with NIST05 Mass Spectral Library (National Institute of Standards
and Technology) data with NIST MASS Spectral Search program Ver 2.0d (June 2005).
Identifications were also made by comparison of their Kovats retention indices with Adams
reference library file [41].

2.2. Encapsulation

CEO (Probotanic) formulations were prepared in the form of Emulsifiable Concentrate
(EC), using three different active ingredient carriers: synthetic zeolite (FMC Foret, Barcelona,
Spain), natural zeolite (ZEO-MEDIC, Belgrade, Serbia), and bovine gelatin (Sigma-Aldrich
Inc., Oakville, ON, Canada). The natural zeolite mineral form clinoptilolite is used in this
research, with a cation exchange capacity of 180 meq/100 g, and particle size of 20 um. The
synthetic zeolite molecular Sieve type 4A is an alkali alumino silicate; it is the sodium form
of the Type A crystal structure. Gelatin is in the form of powder, from bovine skin, Type B
(225 g Bloom).

The rapeseed oil (Granum Food, Hajdukovo, Serbia) was used as a solvent, while
Tween 20 (Polysorbate 20, Aldrich-Chemie, Steinheim, West Germany) served as an emul-
sifier (Table 1). CEO EC formulations were prepared by mixing CEO, rapeseed oil, and
Tween 20 at room temperature in a certain weight ratio as presented in Table 1. Intensive
stirring was applied after the addition of each component. Different carriers at the amount
of 0.25% (w/w) were added into solutions, followed by intensive stirring, in order to obtain
stable and homogeneous CEO EC formulations.

Table 1. Design of CEO EC formulations.

Formulation Name Active Ingredient (%) Carrier (%) Solvent (%) Emulsifier (%)
F-CSz CEO (20.00) Synthetic zeolite (0.25) Rapeseed oil (78.75) Tween 20 (1.00)
F-CNZ CEO (20.00) Natural zeolite (0.25) Rapeseed oil (78.75) Tween 20 (1.00)

F-CG CEO (20.00) Bovine gelatin (0.25) Rapeseed oil (78.75) Tween 20 (1.00)

Physical properties, commonly used for EC formulation, such as color, pH, density,
persistent foam, and ignition point were determined on CEO formulations, using the
standard procedure given by WHO [42].

2.3. Insecticidal Activity

The insecticidal activity was tested using potato tuber moth (P. operculella) adults.
Insects were collected from the potato field in the locality Magli¢ (Vojvodina) and then
reproduced and reared in chambers under controlled conditions (temperature at 25 £ 1 °C,
relative humidity 65 & 5%, day-night cycle 16:8 h). Determination of adults was performed
using external morphological characteristics. In the insect mortality tests, 0-24 h old moths
were used. Per 20 moths were added in each glass volumetric flask (720 mL in volume).

In order to evaluate the effective concentration of pure CEO that kills 95% (LCys) or 50%
(LCsp) of P. operculella adults, a procedure given by Negahban et al. was performed [43].
Five different concentrations of pure CEO corresponding to the uL. L~! air were used:
0.5625, 0.375, 0.25, 0.17and 0.11. Each of these concentrations was dissolved in a certain
amount of acetone and placed onto the filter paper strips (5 x 1 cm), fixed on the lid of
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glass volumetric flasks with insects, and tightly closed. P. operculella adults were exposed to
CEOQ vapors for the next 24 h.

To test the prolonged release (Lethal time), adults of P. operculella were exposed to the
concentration of 8 uL L' air of pure CEO and 40 uL L~! air of encapsulated formulations
for 14 days. The tested concentration was equal to the 10 times higher concentration that
was determined to kill 99% of P. operculella adults after 24 h of treatment. Each of the three
encapsulated formulations and pure CEO were applied on the filter paper strips and fixed
on the lid of glass volumetric flasks with P. operculella adults, and then were tightly closed.
On a daily basis, over 14 days, the treated lids were transferred to the new volumetric
flasks with 20 new, 0-24 h old adults. The insect’s mortality was determined every 24 h
by transferring moths from the glass flasks to opened Petri dishes. During 30 min moths
were checked if they were alive, i.e., if they can move or fly. Lethal time LT9y and LT5
were determined. A negative control was prepared without adding CEO or encapsulated
formulations. The experiments were designed in a completely randomized design in four
replications and were repeated twice.

2.4. Antimicrobial Activity
2.4.1. Activity on Gray Mold Pathogen

Three encapsulated CEO formulations were diluted in sterilized water in concentra-
tions of 25%, 5%, and 2.5%, corresponding to 5%, 1%, and 0.5% of pure CEO in solution,
respectively. The solutions obtained in this way were tested for their efficacy against gray
mold pathogen (B. cinerea) on raspberry (Rubus idaeus L.) fruits. B. cinerea strain MSTP-19
from laboratory collection (Faculty of Agriculture, Belgrade, Serbia) originated from rasp-
berry was grown on Potato Dextrose Agar (PDA) at 23 °C for 8-10 days for the experiment.
The strain was identified based on the determined morphology and molecularly, using
a polymerase chain reaction (PCR) method with a universal primer pair ITS1/1TS4 and
sequencing afterwards.

Fresh, healthy fruits with no damage or visible disease symptoms were immersed into
solutions of CEO formulations, kept there for 30 s, and then placed on a sterile blotting
sheet for 20 min to dry. Upon drying, the fruits were placed on Petri dishes (¢ 90 mm) at the
rate of ten fruits per dish and inoculated with B. cinerea isolate MSTP-19 spore suspension
(2 x 10° spore mL 1) using an air brush method. Petri dishes were kept at the temperature
of 5 °C. The experiment was performed in three replications and were repeated twice. The
effects of treatments were evaluated five days after treatment, and data were rated as the
number of diseased fruits per treatment.

2.4.2. Activity on Soft Rot Pathogens

Three soft rot causing bacteria P. carotovorum subsp. carotovorum (strain Pcc10), P.
carotovorum subsp. brasiliensis (strain Pcb62) and D. dianthicola (strain Dd31) were tested
in vitro for their susceptibility to CEO encapsulated formulations. All strains belong to
the laboratory collection of the Institute for Plant Protection and Environment, and were
originated from cabbage in case of P. carotovorum subsp. carotovorum strain Pccl0 [38],
and potato in case of strains of P. carotovorum subsp. brasiliensis Pcb62 and D. dianthicola
Dd31 [39]. All strains were molecularly identified [38,39]. For the experiments, strains
were grown on Nutrient Agar (NA) for 48 h at 26 °C. The inhibitory effect was evaluated
by Agar well diffusion method using holes in the medium [44]. Bacterial suspensions
of the tested strains were mixed in Nutrient Agar adjusted to the final concentration of
108 cells mL~! and poured in sterile Petri plates (¢ 90 mm). After the media solidified,
7 mm diameter holes were punched with a sterile cork borer on the center of each Petri
plate. CEO formulations in concentrations of 25% (equal to 5% of pure CEO), 5% (equal
to 1% of pure CEO), and 2.5% (equal to 0.5% of pure CEO) were filled with a volume
of 100 pL into the well. To compare the antibacterial activity of tested concentrations
of CEO formulations, pure CEO was examined at the same and higher concentrations
(10%, 25%, 50%, and 100%). Plates treated with sterile distilled water served as negative
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control treatment. Petri plates were placed for incubation for three days at a temperature of
26 °C. Experiments were performed in two independent assays in three replications using
a completely randomized design. The presence/absence and the diameter of inhibition
halos were measured (expressed in millimeters) after three days of plates’ incubation.

2.5. Statistics

For the pure CEO, LCs (lethal concentration to cause 50% mortality in the population)
and LCos (lethal concentration to cause 95% mortality in the population) values were
calculated by probit analysis using IBM SPSS version 23 (2015). For the formulated CEO
in EC, LT5 (lethal time to cause 50% mortality in the population) and LTqy (lethal time
to cause 90% mortality in the population) values were also calculated by probit analysis
using the same statistical software. For modeling the dependence of the probability of
insect mortality over time for encapsulated CEO or the concentration of pure CEO, probit
regression was used:

pi = @ (Bo + p1 logio xi),

where p; is the probability of realization of the outcome encoded with 1 (mortality) at the
value of the predictor of x; (time or concentration) and & is the function of the standard
normal cumulative distribution. Sample estimate of this model is:

pPi= b (bo + b1 10g10 Xi).

For antimicrobial activity, the data were analyzed using the analysis of variance (One
Way ANOVA, Statistica 7 software). The significance of differences was determinate by
Duncan’s multiple range (p < 0.05). The efficacy of tested formulations was calculated using
Abbott’s formula [45]:

EF (%) = (X —Y)/X x 100

where: X = the number of infected fruits in the control; Y = the number of infected fruits in
the treatment.

3. Results
3.1. CEO Chemical Composition

GC-MS analyses of CEO (Probotanic) detected ten components accounting for 98.98%
among which eugenol (4-allyl-2-ethoxyphenol) was determined as the major component
with the content of 79.70%, and is followed by three compounds with abundance higher
than 1% (eugenol acetate, caryophyllene, caryophyllene oxide) (Table 2).

Table 2. Chemical compositions of CEO obtained by GC-MS analysis.

Component Content in CEO (%) Retention Time (min) Kovatcs Index
Eugenol 79.70 20.9212 2773.6
Eugenol acetate 11.83 27.3963 3589.1
Caryophyllene (E-) 4.51 22.9065 3023.5
Caryophyllene oxide 1.37 29.2375 3821.0
a-Humulene 0.72 24.2154 3188.5
Vanillin 0.35 22.0565 2916.6
Calamene trans 0.15 26.9725 3535.7
Humilene epoxide II 0.14 30.2112 3943.6
Chavicol 0.11 16.2289 2196.0
Coniferyl alcohol (E) 0.10 40.5097 5240.6

Total 98.98

3.2. Encapsulated CEO Formulations

The three different, homogeneous and stable CEO formulations were prepared in
the form of Emulsifiable Concentrate (EC), using three different active ingredient carriers:
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natural zeolite (formulation named as F-CNZ), synthetic zeolite (formulation named as
F-CSZ), and bovine gelatin (formulation named as F-CG).

Determined values of physical parameters of designed formulations are given in
Table 3. Obtained results fulfill the criteria for EC formulation given by WHO [42].

Table 3. Physical parameters of CEO EC prepared formulations in working solution (0.5%).

CEO EC Formulation

Parameter
F-CSZ F-CNZ F-CG
Colour yellow yellow yellow
pH 7.6 7.61 7.65
Density 0.9158 g mL~! 0.9163 g mL~! 0.9169 g mL~!
Persistent foam (0.5%)
10s 0mL 1mL 2mL
60s 0mL 0mL 1mL
180's 0OmL 0mL 0mL
720 s 0mL 0mL 0mL
Ignition point >100 °C >100 °C >100 °C

3.3. Insecticidal Activity

Exposing of P. operculella to five concentrations of pure CEO for 24 h resulted in lethal
concentrations of 0.225 puL L1 air to cause mortality of 50% (LCsg) and 0.536 uL L1 air
to cause mortality of 95% (LCgs) of P. operculella adults (Table 4). The concentration of
0.768 uL L1 air killed 99% of P. operculella adults after 24 h exposure.

Table 4. The lethal concentrations (uL L™1) of pure CEO and the lethal time (day) of encapsulated
CEO EC formulations with an appropriate confidence intervals, chi, and p-values.

Samples LC50 CISO LC95 C195 LT50 TISO LT90 TIgO Chi p
glérg 0.225 0.208-0.243 0.536 0.466-0.645 - - - - 7.435 0.998
F-CSZ - - - - 5898 5539-6.243 0954 0.210-1.576  30.762 0.995
F-CNZ - - - - 4341 4.0314.635 0765 0.112-1.294 26.718 0.915
F-CG - - - - 4472 41894744 1220 0.652-1.683  19.856 0.993

To test the prolonged-release, treatment with pure CEO provided 100% mortality of
P. operculella adults after 24 h exposure. After 48 h, mortality was not determined, i.e.,
CEO lost insecticidal activity. When the three encapsulated CEO EC formulations were
used, a prolonged action on P. operculella adults mortality was recorded. During the insects’
exposure to the emulsion concentration of 40 uL L~ air, the mortality gradually decreased
from a probability of 100% after the first 24 h to 50% after 5 days for F-CSZ or after 4 days
for F-CNZ and F-CG. The most promising formulation is F-CSZ enabling activity during
14 days of exposure, while the effect of the other two formulations (F-CNZ, F-CG) lasted
10 days. For all three CEO formulations, the insect mortality rate was higher than 50% after
four days of P. operculella adults’ exposure.

3.4. Antimicrobial Activity

B. cinerea isolate caused gray mold symptoms on inoculated raspberry fruits in the
control treatment. Experimental data revealed completely reduced (100%) infection of
raspberry fruits when 5% active ingredient (CEO) was applied for all three formulations
(Table 5). When formulations were applied in a concentration equal to 1% of pure CEO,
formulations with zeolite as the carrier (F-CSZ and F-CNZ) showed a 100% efficacy, while
formulation with gelatin (F-CG) reduced the disease for 93.4%. Use of concentration
equal to 0.5% of CEO was 100% effective only for F-CSZ formulation, while other two
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CEO formulations showed reduced efficacy of 93.4% and 66.7% for F-CNZ and F-CG,
respectively (Table 5). The best efficacy was evidenced with F-CSZ (synthetic zeolite as the
carrier), showing 100% efficacy when it was used, even at the lowest tested concentration
of active CEO. A statistically significant difference was found in the treatment with the
CEO concentration of 0.5% between zeolite-carrier formulations (F-CSZ and F-CNZ) and
gelatin-carrier formulation F-CG (Table 5).

Table 5. Efficacy of encapsulated CEO formulations used on raspberry fruits against B. cinerea.

Formulation Working Equal Concentration of Replicate * . o

A Effi Yo

Name Concentration (%) CEO (%) I II 111 verage cacy (%)
25 5 0 0 0 Oa 100
F-CSZ 5 1 0 0 0 Oa 100
2.5 0.5 0 0 0 O0a 100
25 5 0 0 0 Oa 100
F-CNz 5 1 0 0 0 Oa 100
2.5 0.5 0 1 1 0.67 a 93.4
25 5 0 0 0 Oa 100
F-CG 5 1 1 0 1 0.67 a 93.4
2.5 0.5 3 3 4 33b 66.7

Control - - 10 10 10 10.0c 0

* number of fruits with gray mold symptom from a total of 10 per replicate; values followed by the same letter
within columns are not significantly different (p < 0.05); Duncan test > MS = 0.1111; df = 18.

In vitro testing of antibacterial activity of encapsulated formulations and pure CEO
determine the concentration of 1% to evince inhibitory effect against soft rot bacteria growth
(P. carotovorum subsp. carotovorum, P. carotovorum subsp. brasiliensis, D. dianthicola) (Figure 1).
CEO EC formulations exhibited a similar antibacterial activity in tested concentrations
compared with the same concentrations of pure CEO. The concentration of 1% active CEO
was determined to be a minimal inhibitory concentration (MIC) for both encapsulated for-
mulations and pure CEO. From the results obtained by the testing of higher concentrations
of pure CEO (Figure 1d), it is evident that CEO expressed an almost similar efficacy when
used in an undiluted form and reduced concentrations until 5%. These results indicate
that the increase of CEO concentration is not in correlation with the efficacy, meaning that
a similar trend in efficacy was obtained when CEO was used in undiluted form and in
reduced concentrations till 10%.



Agriculture 2022, 12, 338 80of 13
a 25.00 b 25.00
20.00 20.00
E B
E 500 £ 1w
o L)
c <
° o
N N
c c
S S
s 10.00 s 1000
2 2
£ =
= =
5.00 5.00
Dickeya dianthicola
0.00 0.00
5 1 0.5 5 1 0.5 = Pectobacterium carotovorum
CEO concentration (%) CEO concentration (%) subsp. brasiliensis
Pectobacterium carotovorum
subsp. carotovorum
C 25.00 d 25.00
20.00 20.00
E B
E 1500 E 5w \
3 @
c c
o Qo
~N ~N
c c
o =]
B 10.00 s 10.00
o 8
£ £
= E
5.00 5.00
0.00 0.00
5 1 0.5 100 50 25 10 5 1 0.5
CEO concentration (%) CEO concentration (%)

Figure 1. In vitro antibacterial activity of encapsulated and pure CEO against soft rot bacteria; (a) F-
CNZ; (b) F-CSZ; (c) F-CG; (d) pure CEO.

4. Discussion

Instead of using synthetic pesticides, this study is considering a solution for reducing
post-harvest insect and pathogen losses with the CEO EC formulations with the aim to have
chemical-free, uncontaminated products during storage time. Some of the most harmful
storage organisms in Serbia are potato tuber moth P. operculella, gray mold pathogen (B.
cinerea) and soft rot pathogens (Pectobacterium spp. and Dickeya spp.) Many pesticides are
withdrawn from the global market, and their use was prohibited on any plant products
such as fruit and vegetables. In contrast, the market of biopesticides is increasing. They
are derived from plant, microbial, or mineral origin acting via competition, production
of antibiotics, parasitism or induction of plant defense. In this work, we designed three
new, eco-friendly CEO formulations with the main idea to improve the bioactivity of
oil by enabling its slow release and solubility in water. We choose CEO because it was
determined to have a high efficacy against insects and plant pathogens in preliminary
testing. Formulations are differing in the used carriers. Bovine Gelatin serves as a polymer
matrix where CEO lipid droplets remain embedded. Zeolite adsorbs CEO droplets due
to its porosity. Additives, such as Tween 20, are used as surfactants for CEO droplets
dispersing in solution. The idea for gelatin arose from our previous work [46] where it
was proven as a well exploited career for lemongrass EO. Zeolites were chosen for use
because of their ability to control emissions and adsorption capacity for low volatile organic
compounds concentrations, thus making them more suitable for working with low end
concentrations than activated carbon or polymer [47]. According to De Smedst et al., zeolites
can be applied as particle films against pests and diseases and can act as carriers of different
active substances, ensuring slow-release applications [48]. Consequently, our assumption
was to test zeolites as carriers in CEO formulations and to compare them with formulations
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where the well-known carrier gelatin (polymer) was used. Some researchers used natural
zeolite, clinoptilolite, as a carrier for pesticides, such is the case with a solid form of the
synthetic pyrethroid insecticide supercypermetrine [49] or for biology agents such is case
of photostabilisation of Bacillus thuringiensis [50].

The choice of the material used as a coating or carrier for the encapsulation of EOs is
crucial; it must protect the oil, guarantee its controlled release, be water-soluble, biocom-
patible, and biodegradable [31]. Four categories of compounds are reported to be used to
obtain edible polymers: hydrocolloids (proteins and polysaccharides), polypeptides, lipids,
and composites [31].

Encapsulation of EOs is, in general, a promising technique for the protection of
sensitive bioactive compounds from degradation. Consequently, many researchers who
developed several methods such as: films, microencapsulation via spray-drying, nanopre-
cipitation, electrohydrodynamic processes electrospinning, and electrospraying [51-53].
Encapsulation is most widely used in the food industry [31,51,52], but can find use in the
pharmaceutical sector [53], and in some cases in plant protection [46,54]. Using differ-
ent techniques and/or carriers, many EOs were encapsulated, such are Basil, Cinnamon,
Carvacrol, Jasmine, Lime, Thyme, Lemon, Lemongrass, Orange, Oregano, Peppermint,
Rosemary, etc. [46,52-55] Jovanovi¢ et al. developed a biodegradable, eco-friendly mate-
rial based on natural polymers and lemongrass (Cymbopogon citratus L.), and essential oil
(LEO) for application as a green pesticide against the potato tuber moth (P. operculella) [46].
Thyme was encapsulated by spray drying and evaluated for efficacy on the mortality
and persistence of corn weevil Sitophilus zeamais [54]. Hill et al. microencapsulated in-
clusion complexes of Cinnamon bark extract, trans-cinnamaldehyde, clove bud extract,
eugenol, and a trans-cinnamaldehyde:eugenol (2:1) mixture by freeze-drying [28]. These
complexes were effective at lower active compound concentrations than free oils, likely
due to their increased water solubility, which led to increased contact between pathogens
and EOs. Kouassi et al. incorporated Cinnamomum zeylanicum into commercial citrus waxes
(shellac, carnauba, paraffin, and polyethylene) and achieved excellent biological activity
with shellac and/or carnauba wax formulations [56]. Encapsulated EOs are promising
agents that can be used to increase the antimicrobial and pesticidal activities of EOs in real
food systems [10]. The increased bioactivity of essential oils in the encapsulation matrix
compared to free oil, even at the same or a lower concentration, was reported [10].

In the present study, we analysed the chemical composition of the CEO (Probotanic).
Eugenol was detected as a major compound. Eugenol was also previously reported as a
main compound of CEO in the range from 45-90% [18,19,57,58]. Tested CEO (Probotanic)
was used for encapsulation, matched to a complex of compounds that are under optimum
concentration ranges. Differences in the chemical composition of the CEO can vary de-
pending on the climatic, seasonal, and/or geographic conditions, or the plant part they are
extracted from. The significant variations in the content of the main compounds can be
correlated to different harvest seasons [59]. Eugenol’s antimicrobial activity is based on the
ability to permeabilize the cell membrane and interact with proteins [58,60], hence its high
content is desirable in CEO. Eugenol demonstrated contact toxicity and affected the food
consumption and growth of stored-product insects [61].

Our idea was to check different modes of action of CEO formulations on target
organisms; therefore, for insects, we demonstrated a fumigant mode of action. For fungal
pathogens, we checked their acting as preserver coatings to extend the shelf life of stored
products, and the direct inhibitory effect on the pathogen growth was checked in the case
of bacterial pathogens (in vitro assay). In our study, the CEO concentration of 0.768 pL. L =1
air was found to kill 99% of P. operculella adults after 24 h of exposure. When encapsulated
CEO formulations were used, 14 days of prolonged action was determined for F-CSZ,
and 10 days for the other two, F-CNZ and F-CG. Similarly, in other study, encapsulated
lemongrass formulation showed the insecticidal and prolonged effect for up to seven days
against the potato tuber moth [46]. The CEO was shown to be promising for applications in
insect control. Insecticide potential of CEO for pest control whether by contact, repellence
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or fumigation is stated by many researchers [57,62]. According to Jairoce et al., CEO caused
100% mortality of bean and maize weevils using concentrations of 17.9 and 35 pL g~ !,
with LCsg ranging from 9.45-10.15 uL g~! [22]. Similarly, Tian et al. showed that CEO
exhibited strong contact toxicity against Cacopsylla chinensis and the reduced population
for 73.01% (with dose 4.80 mg mL~1), 66.18% (with dose 2.40 mg mL~!), and 46.56% (with
dose 1.20 mg mL~1) [21].

The determination of gray mold decontamination of raspberry fruits after treatment
with encapsulated CEO EC formulations showed that they can reduce the infection and
prolong the disease-free period of fruits. According to the obtained results, we can recom-
mend commercial coatings enriched with CEO EC formulations of fruit, berry, grape, or
vegetable pre-storage applications, as an effective control treatment against the gray mold
pathogen. The efficacy of different essential oils for in vivo stone fruit postharvest treat-
ment in the control of B. cinerea was reported [4,33,34,63,64]. Siripornvisal et al. reported
antifungal properties of CEO against B. cinerea mycelial growth [17]. Daniel et al. found
that after direct exposure of apples for B. cinerea management, CEO and garlic extracts
have a curative effect, either when used individually or in combination, and are proven to
be more effective than a protective application [35]. Control of the gray mold pathogen is
possible using Zataria multiflora encapsulated in chitosan nanoparticles [30] or Rosmarinus
officinalis (rosemary) and Mentha piperita (peppermint) individually, or in combination with
hypobaric treatment at 50 kPa [65]. Some commercial formulations containing thymol and
carvacrol as active ingredients inhibited the mycelium growth and spore germination of B.
cinerea [34].

The CEO is known to be effective against soft rot bacteria [36-38], as well as in general
against both Gram-positive and Gram-negative bacteria [57]. We found that MIC (or
minimum bactericidal concentrations, MBC) of CEO was 1% concentration in controlling
soft rot pathogens. CEO with MBC/MIC = 1-2 and eugenol with MBC/MIC = 1-4 were
bactericidal for seven Gram-negative and nine Gram-positive fish pathogenic bacteria [66].
Hajian-Maleki et al. conducted research to exploit an innovative approach for potato soft
rot disease management by application of three novel EOs extracted from indigenous plants
including Hyssopus officinalis, Satureja khuzistanica, and Zataria multiflora under in vitro and
in vivo conditions [67]. The highest suppressive effects were displayed by S. khuzistanica
and Z. multiflora with MIC at 0.19 and 0.38 g L~!. The results of the in vivo trial indicated
that tuber rot development was more efficiently controlled in preventive than in curative
conditions. Disease incidence was reduced by 38.4-70.6% as compared with non-coated
samples in preventing assessment.

Current research suggests that CEO and encapsulated EC formulations for their
application as natural, eco-friendly biopesticides are an integral part of a new approach to
pest and disease control.

5. Conclusions

Within this study, we successfully synthesized three new stable and homogenous CEO
EC formulations based on natural biopolymers such as gelatine; zeolite and clove bud
essential oil, that fulfill physical properties according to the criteria for the practical usage
as a biopesticide. CEO encapsulated in EC formulations provides an environment-friendly
alternative to synthetic pesticides in pest and pathogen control management strategies
by demonstrating a high biological efficacy against P. operculella by providing prolonged
oil efficacy of up to 14 days. This is a significant improvement, since the pure CEO lost
the bioactivity against the insects after the first day of action. All three CEO formulations
showed a fungicidal and bactericidal effect against gray mold and soft rot pathogens,
respectively. By enabling better and prolonged oil efficacy without affecting fresh produce
quality and storage, CEO formulations can be commercially exploited as fumigant or
preserver coatings to extend the shelf life of stored products or the fresh-fruit market.
Further work should be focused on experiments in pre-harvest production, to evaluate its
possible use, efficiency, and economic justification.
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