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Abstract

Recently essential oils (EOs) encapsulation is experiencing growing applications in the agricultural and
agri-food sector. Encapsulation is reported as safe environmental technology leading to a reduction of
conventional insecticides use. This study concerns the assessment of fumigant toxicity and persistence
of Rosmarinus officinalis EO encapsulated in two cyclodextrins B-CD and HP-B-CD against larvae of the
date moth, Ectomyelois ceratoniae. The retention capacity, encapsulation efficacy, loading capacity and
release behavior of the two inclusion complexes were investigated. The results showed that the
encapsulation efficiency of HP-B-CD (EE = 25.25%) was higher than that of B-CD (EE=17.73%).
Additionally, compared to crude EO, the in vitro release profile of the two inclusion complexes showed a
slow and sustained release. (0.0009 and 0.0007 min~ " for B-CD and HP-B-CD, respectively). After 30 days
of exposure, the larval mortality rates for HP-3-CD/EO and B-CD/EO inclusion complexes were 40.38 and
53.85%, respectively. Furthermore, the half-life of HP-B-CD and B-CD/EO inclusion complexes (9.620 and
8.045 days) was significantly longer than that of the crude EO (5.245days). This study supports the use
of cyclodextrins, mainly HP-B-CD, in the date industry for the control of insect pests.

Introduction

The pyralid moth Ectomyelois ceratoniae Zeller (Lepodoptera: Pyralidea), is a polyphagous damaging
pest wide-reaching, that attacks fruits in field and in storage. Female date moths lays eggs inside the
calyx (pomegranate crown) or in the crocks of fruit peel (Dhouibi et al. 2016; Mirzabegi Kesbi et al. 2023).
The pest larvae feed on the inner parts of the fruit, causing the contamination with saprophytic fungi,
making the fruits unfit for human consumption and food processing, and unsuitable for marketing
(Shakeri and Sadatakhavi 2004). The use of chemical insecticides is actually the main approach for the
control of E. ceratoniae. The environmental and ecotoxicological impact of the wide use of synthetic
insecticides in agriculture has led researchers to look for viable alternatives that are more eco-friendly
than chemical ones (Tudi et al. 2021). In this respect, the use of botanical insecticides has attracted the
interest of both researchers as well as consumers. Amongst botanical extracts used as insecticides,
essential oils (EOs) appear to be an alternative or complementary method to chemically insecticides in
integrated pest management programs (IPM) due to their relative cost-effectiveness and their worldwide
availability (Campolo et al. 2018). EOs are natural volatile secondary metabolites known for their strong
odor (Bakkali et al. 2008). Numerous studies have highlighted their fumigant (Abada et al. 2020; Haouel
et al. 2010; Mediouni Ben Jemaa et al. 2013) and repellent action (Khemira et al. 2012), antifeedant
activity (Ricardo et al. 2014), ability to delay emergence (Ben Abada et al. 2020), fertility and development
inhibition (Marimuth at al. 1997). Despite these promising proprieties, some limitations still need to be
overcome. Indeed, EO compounds are very sensitive to volatilization and chemical alterations due to light,
humidity, heat, and oxygen exposure. To achieve high efficacy and stability, EOs could be encapsulated in
microcapsules, which are used as delivery systems and are considered to be an encouraging strategy for
the use of EOs in agriculture and particularly in insect pest management (Moretti et al. 2002). On the
other hand, microencapsulation of pesticides was found to protect the sensitive components from
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undesirable conditions, ensure their controlled release, and restore their functional performance and
toxicity (Estrada-Cano et al. 2017; Gupta et al. 2016; Sherje et al. 2017; Zhu et al. 2021). Encapsulation is
the process of enveloping molecules to create a functional barrier between a bioactive core and the wall
material in order to minimize physical and chemical interactions between the core and the external
molecules (Kalemba and Kunicka 2003). The microparticles commonly used as wall materials to protect,
the volatiles from degradation are liposomes (Hammoud et al. 2020), polymer particles, solid lipid
nanoparticles (Zielinska et al. 2020), chitosan-gum Arabic microcapsules (Soltani et al. 2022; Xu et al.
2012) and cyclodextrins (Abada et al. 2019; Ciobanu et al. 2013; Kfoury et al. 2019).

Cyclodextrins (CDs) have a unique structure with a hydrophobic cavity and a hydrophilic surface. Their
cavity is suitable for the inclusion of a wide variety of guests (Dodziuk 2006; Szejtli and Sadatakhavi
2004). The commonly used native CDs are alpha CD (a-CD), beta CD (B-CD), and gamma CD (y-CD) which
contain respectively six, seven, and eight glucose subunits, respectively (Kfoury et al. 2019). The use of
CDs to encapsulate EO can improve the solubility of insoluble components, protect oils from
environmental conditions, control sublimation, and volatility, modify the taste of flavors, entrap odors,
and control the release of guests (Kfoury et al. 2019, Rakmai et al. 2017). Among native CDs, B-CD is the
most widely used due to its suitable cavity size, its availability and its reasonable price (Waleczek et al.
2003). However, its low water solubility (1.8g in 100 ml of water at 25°C) required some chemical
modification such as the alkylation of the hydroxyl groups of the B-CD. For example, the hydroxypropyl--
CD derivative (HP-B-CD), which has a high aqueous solubility (in the order of 60g in 100ml of water at
25°C), shows strong complexing ability with EOs (Ciobanu et al. 2013; Kfoury et al. 2014).

This paper reports the characterization of HP-3-CD and B-CD/R. officinalis EO inclusion complexes and to
investigate their toxicity against the date moth E. ceratoniaefifth instars larvae. In addition, this study
aimed to evaluate the persistence of the insecticidal activity of the two inclusions complexes compared
to the free EO.

Material and methods
Chemicals

B-CD was purchased from Wacker-Chemie (Lyon, France) and HP-B- CD (DS = 5.6) was obtained from
Roquette (Lestrem, France).

Insect rearing

To initiate E. ceratoniaerearing, infested dates were collected from oasis in south Tunisia. Rearing was
established under the following controlled laboratory conditions: 25+ 1°C, 65 + 5% relative humidity, and
15:9 (L:D) photoperiod. The insects’ rearing medium included wheat bran (60%) mixed with sucrose
(12%), salt mixture (2%), yeast (1.3%), lysine (1.23%), methyl paraben (0.13%), vitamin (0.67%),
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aureomycine (0.67%), glycerine (150 ml) and distilled water (150ml) (Mediouni and Dhouibi 2007). The
fifth instar larvae (last instar larvae) were used for bioassays.

Plant material and essential oils extraction

Plant material and essential oils extraction

Rosmarinus officinalis, growing wild in Tunisia, was collected from Fernana: Jendouba (36° 39' 41.2" N 8°
41' 05.7" E) (a sub-humid area) in March 2020. Fresh branches and leaves were kept at ambient
temperature (20—-25°C) until dryness. The EO was extracted from dried plant leaves using a modified
Clevenger hydrodistillation method.

GC-MS Analysis

A sample of the EO was diluted in n-hexane and analysed by gas chromatography coupled to a mass
spectrometer (GC-MS). GC-MS analysis was performed on an Agilent- Technologies 6890 N Network
equipped with a flame ionization detector and HP-5MS capillary column (30 mx 0.25 mm, film thickness
0.25 pym; Agilent- Technologie, Littlr Falls, CA, USA). The column temperature was programmed at 80°C
for 3 min and increased at a rate of 4°C/min until 220°C. The injector temperature were set respectively at
290°C. The carrier gas was Helium at flow rate of 1.0 ml/min. All quantifications were performed using a
built-in data-handling program supplied by the gas chromatograph manufacturer. The composition was
determined as a relative percentage of the total peak area. EO constituents were identified by comparing
their retention time to n-alkanes (C5-C5¢), with those reported in the literature under the same operating
conditions. The components were further identified and authenticated by means of their mass spectra in
comparison with the Wiley version 7.0 library. Relative percentages of the individual compounds of the
EO were obtained by averaging the GC peak area (%) reports.

Screening tests

To establish the lethal concentrations CLzg values of R. officinalis EO, four concentrations 15, 30, 60 and
90 pl/I air were tested after 15 exposure days. The trial were carried out in 1L bottle glass containing 20
dates infested with E. ceratoniae fifth instar larvae. The EO was deposited using a micropipette on 5cm
filter paper discs (Whatman N°1 paper). Non-treated insects (control) were kept under the same
conditions. Tree replicate were performed for each concentration. Mortality data were corrected according
to Abbot’s formula (Abbott 1925). Probit analysis (Finney 1971) was used to calculate LCy.

Preparation of inclusion complexes

B-CD/EO and HP-B-CD/EO inclusion complexes were prepared as described previously by Kfoury et al.
(2015) with slight modifications. B-CD/EO and HP-B-CD/EO complexes were prepared at a 1:1 ratio. The
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mixture of CD and EO was dissolved in 40ml of distilled water. The solutions were stirred for 24h (33 rpm
at 25°C) and filtered through 0.45um filters to remove undissolved compounds. The obtained filtrates
were frozen at -80°C for 24h then freeze-dried in a freeze dryer for 12 h to obtain the resulting solid
inclusion complexes.

Determination of retention ability, encapsulation efficacy and loading
capacity

An accurate amount of R. officinalis EO dissolved in 10 ml water or aqueous CD solutions and 10 mg of
inclusion complex dissolved in 10 ml ethanol, were placed in 22 ml headspace glass vials. Vials were
then closed by silicone septa and aluminum foil. After equilibration between the aqueous and gaseous
phases (30 min at 25+ 0.1°C), Tml of vapor presents above the solution was withdrawn from the vial
using a gas-tight syringe and injected directly in the chromatographic column via a transfer line (250°C)
for chromatographic analysis. All measurements were performed with an Agilent headspace auto
sampler and a Perkin Elmer Auto system XL equipped with a flame ionization detector using a DB624
column gas chromatography. Temperature conditions were set as follows initial temperature of 50°C for
2 min, increased to 190°C at 5°C/min for a total duration of 30 min. Nitrogen was used as carrier vector.

The percentage of retention (r) of R. officinalis essential oil by the two CDs was determined by for a 2 mM
CDs solution and expressed as follows:

r (%) = (1_ZA£> % 10
> A0

1

where) Ajand Y Ay stand for the sum of peak areas of the EO in the absence and the presence of CDs,
respectively. For each component, measurements were done in triplicate

The encapsulation efficacy and loading capacity were determined according to the following equations:

Mexp

BE (%) = (%

i

) «100(2)

LC (%) = (m““’> + 100 (3)

mec

Where m,,, is the mass of the EO in the inclusion complex; m; is the amount of the EO initially used to
prepare the inclusion complex and m,, is the mass of inclusion complex.

Release studies
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The multiple headspace extraction method (MHE) was used to study the dynamic release of the EO and it
components as described by Kolb and Ettre (2006). In this method successive extractions of the
headspace vial are carried out. At each extraction, Tml of the vial headspace was withdrawn and the
amount of each EO compound present in the gas phase was determined by GC analysis. The successive
extractions of headspace led to a reduction of the amount of volatiles present in the gas phase. The rate
of this decrease reflected the retention efficiency of CD toward each essential oil component in solution.
GC setting were set as previously. Aliquots of essential oil were added to water or CDs solutions (2mM)
previously placed in 22 ml headspace glass vials. Vials were sealed and ten successive extractions were
carried out at 60°C. At each interval time (45min), the remaining percentage of each free or encapsulated
EO compound was determined using the following equation:

At
Remaning (%) = — x 100 (4)
Ap
Where A; and A, stand for the peak area of each EO component at time t and time 0.

Fumigant toxicity of the inclusions complexes

To evaluate the fumigant efficacy of the free and the encapsulated R .officinalis EO against E. ceratoniae
fifth instars larvae, infested dates were treated with the LCs, value determined in screening test and with
the amount of formulation equivalent to the LCsj value. Free EO was deposit on 5 cm diameter Whatman
filter papers using a micropipette and HP-B-CD and B- CD/EO inclusion complexes were placed in
mosquito net and attached to glass bottles caps. Untreated insects were kept under the same conditions.
Each treatment and control was replicated three times. Mortality was carried out according to Abbott’s
formula (Abbott 1925).

Persistence experiments

The persistence of R. officinalis EO and the of two inclusion complexes was followed as described by
Negahban (2012). Indeed, new larvae were introduced after 3, 5, 7, 9 and 30 days (5 replicates per time
interval).

Statistical analysis

Data were analyzed using SPSS version 20 (IBM corporation NY, USA). Results were subjected to variance
analysis (Pintore et al. 2002) and Duncan’s test was employed to notice significant differences at the
level 0.05%. Values presented the means of three replications and expressed as the mean + SD. For each
parameter (Mortality percentage and persistence), data were subjected to two- ways ANOVA, with
exposure time and treatments type as main fixed factors plus their interactions. Besides, mortality and
persistence data were subjected to Probit analysis to obtain the lethal concentration (LC) and lethal time
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(LT). In addition, correlation analyses were performed between the matrix proprieties and the efficiently of
encapsulated EO. The correlation analyses (Pearson’s correlation coefficient) between the encapsulation
matrices and the efficacy of the encapsulated oils (mortality and persistence) were determined.

Results
Chemical composition of the essential oil

The yield of oil obtained from the aerial parts of R. officinalis isolated by hydrodistillation was 1.34%. The
chemical composition of the EO was summarized in Table 1. Nine volatile compounds were identified,
covering 95% of the peak areas. The main components of rosemary oil were 1,8-cineole (48.45%),
camphor (13.10%), a-pinene (12.66%) and borneol (12.42%).

Table 1

Chemical formulas, retention times (RT) of the identified volatiles and their percentage in Rosmarinus
officinalis essential oil

Components Formula RT Percentage (%) Kl
1 a-pinene CqoH16 5.46 12.66 936
2 Camphene CioH16 5.868 3.96
3 B pinene CioH16 6.55 1.53 983
4 p-cymene CioH124 7.83 1.58 1031
5 1,8-cineole CqoH450 8.09 48.45 1040
6  Borneol C1oHqg0 12.25 12.42 1176
7 (+)-camphor CqoH160 19.77 13.10
8 B-caryophyllene CqsHo4 20.43 1.30 1431
9 Unidentified components 5
Kl: Kovalts Index as determined on a GC-MS column using the homologous series of n-hydrocarbons.
In bold: main components

Retention capacity

The retention capacities of R. officinalis by a 2mM CDs solution (8-CD and HP-B-CD) were determined
using Eq. 1. and are given in Table 2. Retention values indicated that rosemary EO was efficiently retained
by CDs. This demonstrated the tendency of EO components to form inclusion complexes with CDs. The
retention capacity of B-CD (98.06%) is slightly more efficient to than that of HP-3-CD (97.82%). Statistical
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analyses showed a significant difference between the retention capacities of the two CDs (F =216, P <
0.001, ddl=1).

Table 2

Retention capacity (%) of Rosmarinus officinalis
essential oil in aqueous solution of 2Mm HP-3-
CD and B-CD

HP-BCD B-CD

Retention capacity (%) 97.82a  98.06 b

Encapsulation efficacy

The encapsulation efficiency and loading capacity of R. officinalis EO in CDs (HP-B-CD and B-CD) were
determined using Eqgs. 2 and 3, and presented in Tables 3 and 4. Results indicated that the EE of
rosemary EO in B-CD (EE = 17.73%) was lower than that in HP-B-CD (EE = 25.25%). This observation could
be explain by the precipitation of the CD/EO inclusion complex. Indeed, the amount of the EO in the
precipitated fraction of B-CD was 32.5%. In addition, our results indicated that the loading capacity
depends on the chemical compound and the coating matrix. Observation of Table 4 showed that most of
the volatile components of R. officinalis encapsulated in B-CD were retained by the precipitated fraction
with a loading capacity ranged between 5.63 and 36.30 ug.mg™ 'powder. Even though, most of the
volatile compounds (a-pinene, Camphene, B-pinene, p-cimene, 1,8-cineole, borneol, and B-caryophylen) are
mostly retained by B-CD. While camphor is the only compound that is more retained by HP-B-CD (LC =
21.62pg.mg” 'powder).

Table 3

Encapsulation Efficiency (EE) of Rosmarinus officinalis
essential oil in HP-B-CD and B-CD (supernatant and residue)
inclusion complexes

HPB-CD B-CD (Supernatant) B-CD (Residue)

EE (%) 25.25 17.73 32.5
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Table 4

Loading capacity (LC) (ug.mg” "powder) of Rosmarinus officinalis
essential oil components in HP-B-CD and B-CD (supernatant and
residue) inclusion complexes

HP-B-CD B-CD (supernatant) B-CD (residue)
a-pinene 1.55 5.62 7.02
Camphene 3.47 5.71 8.82
B-pinene 3.69 4.35 8.89
p-cimene 0.82 2.00 7.18
1,8-cineole 10.59 19.63 36.30
Bornéol 3.83 0.28 8.21
Camphor 21.62 11.53 25.89
B-caryophyllene  0.03 1.15 5.63

Release studies

The release studies of R. officinalis EO and its components, free and encapsulated in CDs (B-CD and HP-
B-CD) were performed using MHE as shown in Table 5 and Fig. 1. The remaining percentage of EO
volatile compounds at each extraction corresponding to 45 min interval, was determined based on their
individual chromatographic peak area using Eq. (4). The release of the EO and its compounds showed an
exponential asymptotic trend whether they were tested in their crude or encapsulated form. The
calculated release rate constants were 0.0009 and 0.0007min" " for the essential oil encapsulated in B-CD
and HP-B-CD, respectively, compared to 0.002 min~ " for the free EO. This observation revealed also that
the B-CD released the essential oil faster than the HP-B-CD. The statistical analysis reported in Table 6,
showed a significant difference between the release rate of the free and encapsulated EO in the B-CD and
the HP-B-CD(F = 1729.41, p< 0.001, ddl = 2). The same observation could be made for EO components.
The results indicated that encapsulation reduced the release rate of these volatiles by2.81, 4.14, 7, 5.25, 5,
3.14, 4 and 8.86 fold for HP-B-CD inclusion complex and 3.88, 3.63, 4.67, 3.82, 2.5, 2, 2 and 5.17 fold for
a-pinene, camphene, B-pinene, p-cymene, 1,8-cineole, borneol, camphor and B-caryophyllene, respectively
(Table 5). Additionally, we found that HP-B-CD increased the retention of EO and its major components
more than B-CD. In fact, after 6 hours the remaining percentage of a-pinene, camphene, B-pinene, p-
cymene, 1,8-cineole, borneol and camphor were 75.29, 78.53, 85.58, 72.33, 94.96, 74.43, and 96.78%
when encapsulated in HP-3-CD against 68.89, 73.71, 79.71, 65.36, 92.93, 66.48 and 93.25% when
encapsulated in B-CD. Except for B-caryophyllene it is more retained by B-CD (86.77%) than by the HP-3-
CD (77.55%).
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Table 5

Release rate constants k(min~ ") of Rosmarinus
officinalis essential oil compounds free and
encapsulated in HP-B-CD and B-CD

Free InHP-8-CD Inp-CD
HE 0.0020 0.0007 0.0009
a-pinene 0.0031 0.0008 0.0011
Camphene 0.0029 0.0007 0.0008
B-pinene 0.0028 0.0004 0.0006
p-cymene 0.0042 0.0008 0.0011
1,8-cineole 0.0005 0.0001 0.0002
Borneol 0.0022 0.0007 0.0011
Camphor 0.0004 0.0001 0.0002
B-caryophyllene  0.0062 0.0007 0.0012

Table 6

Effect of matrix and exposure period, release rate, mortality and persistence of
Rosmarinus officinalis essential oil

Variables Df F P

—

Matrix Retention capacity 216 <0.001

Release rate 1729.41 <0.001

Mortality rate 11376299.64 <0.001

Persistence 3062450.15 <0.001

Exposure periods Mortality rate 24880753.11 <0.001

Persistence 4285603.04 <0.001

Matrix * Exposure periods  Mortality rate 471765.58 <0.001

OO0 W W NNDN

Persistence 1094913.61 <0.001

Encapsulated essential oil fumigant toxicity

The results of fumigation tests with free and encapsulated R. officinalis essential oil against E.

ceratoniae fifth instars larvae are presented in Fig. 2. The results showed that both free and encapsulated

EO in HP-B-CD and B-CD were toxic to the date moth. In addition, our results demonstrated that free EO

was more effective than the encapsulated ones. In fact, after 30 days of exposure, larval mortalitie was
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94.23, 40.38 and 53.85% for the free EO, HP-B-CD/EO and B-CD/ EO inclusion complexes, respectively.
Furthermore, the EO encapsulated in B-CD was shown to be more effective against the date moth larvae
than that encapsulated in HP-3-CD. After 37 days of exposure, larval mortality reached 62.75 and 78.43%
for the EO encapsulated in the HP-B-CD and B-CD, respectively (Fig. 2). Statistical analysis reported in
Table 6, indicated that treatments and exposure periods had significant effects on E. ceratoniaelarval
mortalities (Treatments: F = 11376299.64, p < 0.001, ddl = 2 and exposure periods: F = 24880753.11, p <
0.001, ddl = 3) (Table 6).

Persistence of the encapsulated EO

The persistence of the insecticidal effect of R. officinalis EO free and encapsulated in CDs (B-CD and HP-
B-CD) over time is depicted in Fig. 3. The results showed that treatment efficacy decreased with
increasing exposure time. Persistence tests indicated that the insecticidal toxicity of R. officinalis EO
lasted up to 9 days, whereas the insecticidal efficacy of EO encapsulated in 3-CD and HP-3-CD was 30
days. Moreover, statistical analyses reveled that treatments and exposure times affected significantly the
persistence of the insecticidal effect on E. ceratoniaelarval (treatments: F = 3062450.15, p<0.001, ddl = 2,
exposure periods: F =4285603.04, p<0.001, ddl = 3) (Table 6).

Additionally, the estimated LT 5 values showed that the half-life of the inclusion complexes CDs/EQO were
significantly longer than that of free EO (Table 7). Indeed, LT 5, values of the free and the encapsulated EO
in HP-B-CD and B-CD were 5.245,9.620 and 8.045 days, respectively. Furthermore, the inclusion
complexes were effective for a longer period of time compared to free EO. The results also showed that R.
officinalis EO encapsulated in in HP-B-CD had the best persistence compared to EO encapsulated in 3-CD.
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Table 7
LT 5o values (days) expressing the persistence of free and encapsulated Rosmarinus officinalis
essential oil on Ectomyelois ceratoniaefifth instar larvae

Free EO B-CD/EO inclusion complex = HP-B-CD/EO inclusion complex
LTso% P 5.245 8.045 9.620
(3.269-9.456)  (13.040-5.804) (6.579-21.121)
Slopet 3.829+1.577 3.333+0.605 3.579+0.755
SEM
Degrees of 4 4 4
Freedom
X2 53.177 13.534 19.719
aUnits LT = days
b95% lower and upper confidence limits are shown in parentheses

Correlation analyses between the matrix proprieties and the
efficiently of encapsulated EO

Correlation analyses between the CD properties (retention and release rate) and the efficacy of the
encapsulated EO (mortality rate and persistence) after four exposure periods (7, 15, 30 and 37 days) are
recorded in Table 8. A highly positive correlation was observed between the retention capacity and the
release rate (r=0.995™). In fact, the matrices that retained the greater amounts of EO released more
rapidly (3-CD). For this reason, the mortality of E. ceratoniaelarvae correlated positively with the retention
capacity (r=0.422) and the release rate (r=0.411). In addition, a highly positive correlation was found
between the mortality of E. ceratoniae and the exposure time (r = 0.849). The mortality rate increased as
the exposure period increased. On the other hand, a strong negative correlation was found between the
persistence and retention capacity (r=-0.489) and the persistence and the release rate (r=-0.488).
Therefore, HP-B-CD, which was characterized by the lowest retention capacity and release rate exhibited
the most significant persistence of the insecticidal effect.
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Table 8

Correlation analyses between the matrix proprieties (Retention capacity and Release rate) and the
efficacy of encapsulated EO (Mortality rate and persistence) for four exposure periods (7, 15, 30 and 37

days).
Matrix Time Retentio:: ) Release Mortality Persistence
capacity rate rate
Matrix 1
Time 0.000 1
Retention 0811 0.000 1
capacity
Release rate 0783 0.000 0.995™ 1
Mortality rate 0.472" 0.849"  0.422" 0.411* 1
Persistence 0.388°  -0.671™ -0.489" -0.488™ 0.729™ 1
Discussion

Terpenic components, such as 1,8-cineole, camphor, a-pinene and borneol were detected at high levels in
R. officinalis EO. The composition R. officinalis in this investigation is qualitatively similar to that reported
in previously published studies (Andrade et al. 2018; da Silva Bomfim et al. 2015; Elyemni et al. 2022).
However, some notable quantitative differences include the relatively high concentrations of a-pinene
(26—28%) in relation to the relatively low concentration of 1.8 cineole (11-25%) in the previous reports
(Angioni et al. 2004; Melito et al. 2019; Pintore et al. 2002). Such differences may be due to several
exogenous and endogenous factors such as geographical location, harvest time, extraction method and
genetic makeup (Al-Maharik et al. 2022; Raskovic et al. 2014; Teixeira et al. 2013). This EO was a
complex mixture of bioactive compounds that have been shown to be toxic against to many pests
(Gallardo et al. 2012; Kordali et al. 2008; Matos et al. 2020). Our study demonstrated that R. officinalis EO
exhibited promising fumigant toxicity against E. ceratoniaelarvae (LCsg = 15.79 pl/I air after 15 days of
exposure). Previous reports have investigated the fumigant activity associated with different
concentrations of plant EOs against the date moth. The high fumigant activity of Artemisia herba and
Citrus sinensis EOs reported by Chaaban et al. (2018), showed complete (100%) and 64% mortality of E.
ceratoniae L5 larvae, respectively. Furthermore, the results of Mediouni Ben Jemaa et al. (2012) indicated
that Eucalyptus camaldulensis, Eucalyptus astringens, Eucalyptus leucoxylon, Eucalyptus lehmannii and
Eucalyptus rudis had fumigant activity against the date moth. LCs values were 37.26; 41.76; 44.67,

56.34; 36.01 pl/I air within 24 hours of exposure, respectively.

Controlling the high volatility of EOs is the main challenge to be addressed through the development of
various encapsulation techniques. Encapsulation can retain EOs by physical or chemical interaction with
a matrix that retains the EO for a longer period of time, increasing the retention time and allowing a slow
and continuous release of the active ingredients, enabling their application for pest management
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(Abdollahdokht et al. 2022; Maes et al. 2019; Melanie et al. 2022). In the present study, R. officinalis was
encapsulated by the freeze-drying method using HP-B-CD and B-CD in a 1:1 ratio. Our finding showed that
rosemary EO was efficiently retained by the CDs (the retention capacities are 98.06% and 97.82% for B-CD
and HP-B-CD, respectively). Our results are in agreement with those found by Sebaaly et al. (2018). These
authors point out that B-CD and its derivatives showed the highest retention capacity toward nine EOs
(69%-78%). The same authors demonstrated that these EOs were more restrained by B-CD than HP-B-CD.
Similarly, Hammoud et al. (2022) attribute this high retention capacity to the affinity between the active
molecule and the coating matrix. According to the encapsulation efficiency our results pointed out that
the EE of rosemary EO in B-CD (EE = 17.73%) is lower than that in HP-B-CD (EE = 25.25%) because of the
low solubility of B-CD, the most of the EO is retained by the precipitated fraction. In this regard, Ciobanu et
al. (2013) indicated that among the four CDs (a-CD, B-CD, y-CD and HP-B-CD), the highest encapsulation
efficacy was observed for HP-3-CD.

Previous studies have showed that the encapsulation efficacy of 1,8-cineole (63.72%), the main
compound of R. officinalis EQ, in the HP-B-CD was very important compared to whole EO (25.25%) (Abada
et al. 2019). This difference in the EE can be attributed to the presence of other oil components (such as
a-pinene, camphene, B-pinene, p-cymene, borneol, camphor and B-caryophyllene), that also have high
affinity for CD (Astray et al. 2010; Haiyee et al. 2009; Jiang et al. 2020; Kfoury et al. 2019; Kfoury et al.
2014; Numanoglu et al. 2007; Tao et al. 2014).

This research has demonstrated that R. officinalis EO microencapsulated in HP-B-CD and B-CD is highly
effective against the date moth E. ceratoniae. Additionally, the EO encapsulated in B-CD was shown to be
more effective against the date moth larvae than that encapsulated in HP-3-CD. This observation is due
to high ability of the B-CD to retain the R. officinalis EO bioactive components (a-pinene, camphene, B-
pinene, p-cymene, 1,8-cineole, borneol, and B-caryophyllene). Results of the present study are consistent
with those of Abada et al. (2019). These authors highlighted the usefulness of 1,8-cineole (the main
component of rosemary EO) encapsulated in the HP-B-CD to overcome limitations in date moth control
during storage. Furthermore, Ziaee et al. (2014) reported the toxicity of gelatin- based microencapsulated
R. officinalis and Thymus vulgaris EOs against the Indian meal moth (Plodia interpunctella) larvae. It was
found that the introduction of these microcapsules in larvae diet caused the death of 17.5 and 20% by R.
officinalis and T. vulgaris Eos, respectively, after 7 days.

On the other hand, the main reason limiting the use of EOs in pest management strategies is the low
persistence of their insecticidal toxicity. In the present study, the fumigant persistence of R. officinalis EO
was improved by the encapsulation in CDs (B-CD and HP-B-CD). The HP-B-CD/EOQ inclusion complex
showed the best persistence compared to the B-CD one. This can be explained by the fact that the B-CD
released the EO and its bioactive components faster than HP-B-CD. Numerous studies have shown that
encapsulation of EOs provides prolonged protection against insect attack. Further studies showed that
the encapsulation Cuminum cyminum EO in myristic acid-chitosan nanogels prolonged its fumigant
toxicity against the confused flour beetle (Tribolium confusum Duv.) and the granary weevil (Sitophilus
granaries L.) (Ahmed and Al-Moajel 2005). In addition, Negahban et al. (2012) ascertained that the
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encapsulation of clove EO improved its stability and allowed a slow and continuous release of the active
agent, delaying its evaporation and degradation. These authors showed that encapsulation improved the
persistence of the insecticidal toxicity (the half-life of encapsulated essential oil (LT3, = 28.73 days) and
that of crude oil (LT5q = 4.27 days)).

Conclusion

In this study, we demonstrated that encapsulation in CDs is a promising approach for the incorporation of
essential oils in the date industry as they are able to overcome the major limitation in the use of EOs. EOs
was successfully encapsulate in CDs and allow a delayed and controlled its release. Moreover, our novel
larvicide based on rosemary EO encapsulated in CDs was effective against E. ceratoniaefifth instars
larvae. Encapsulation in CDs maintains or even enhances the insecticidal activity and the functionalities
of EOs. This approach may provide a solution to the long-standing problem of controlling the date moth
with minimal harm to non-target organisms. Although, to carry out all these processes, a few main
concerns are cost reduction and the efficiency of manufacturing.
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Figure 1

Remaining of Rosmarinus officinalisessential oil volatile compounds free and encapsulated in HP-3-CD

and B-CD (A: Hydrocarbons Monoterpenes and B: Oxygenated monoterpenes)

Page 21/23



7 days " 15 days 30 days 37 days

c.C
100 -~ 7
/bD
80- /TTTH
/1
q ;.;.;.;:a,D
S .;.;.;.,,,,1,,,.
= 907 b.C s
& . B 2 / Jikas
= =_r .:.:|,a,C /:I:I:I:F:;:::j
— i I|'|I - IIIIIII :
é40- X ?bB nbEs PN
c, / : H 2 /.:.:.:.pﬁ:ﬁg
= R 22 'lll'lfp-'/;ffﬂ':
-rl IT;' LR 22 4 /|||||||'.r.fff,r.fi
20 1 b, A %:;:;:;:a,B o /i:i:i:IE:x;:i:
il a, A L g B o / T o
0 (HH} F— /1' RN s Hi sns /é NI i
) 1 I )
O @
o O H o O H C O 8 o O 8
(SRS a ) S S2 . M = M =
g g 9 a9 5 8 O 5 & O
n Q9 « mn Q 9« n 9 «a L 9 «@
Q a Q a A a Q a
T T T T

Figure 2
Mortality of Ectomyelois ceratoniae fifth instars larvae exposed to free and encapsulated Rosmarinus

officinalisessential oil within (B-CD and HP-B-CD) (Letters denotes significant differences at P<0.05 in
percent mortality for each exposure period (uppercase) and each treatment (lowercase); Duncan’s test)
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Figure 3

Persistence of the insecticidal effect of the free and encapsulated Rosmarinus officinalis essential oil
(different letters indicate significant differences in percent mortality for each treatment (lowercase) and
exposure period (uppercase); Duncan’s test at P <0.05)

Page 23/23



