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Nanostructured lipid carrier of
oregano essential oil for controlling
Tuta absoluta with minimal impact
on beneficial organisms

Asmar Soleymanzadeh?, Orouj Valizadegan"* & Hamed Hamishehkar?3

Tuta absoluta is a significant invasive pest, severely impacting the global tomato industry. Prolonged
application of chemical insecticides has led to varying degrees of resistance in T. absoluta populations.
Additionally, chemical insecticides are causing serious threats to the environment. Aiming to develop
a novel bioinsecticide based on Origanum vulgare essential oil (OVE) against T. absoluta, we carried
out its nanostructured lipid carrier formulation (OVE-NLC). The obtained OVE-NLC had spherical
particles approximately 94.26 nm in size with a uniform size distribution of less than 0.3 and a zeta
potential of - 18.75 mV. The formulated NLC also had encapsulation efficiency up to 96% and was
stable at 25 °C for 3 months. The FTIR results indicated no significant chemical interaction between
EO and NLC components. OVE-NLC demonstrated significant toxicity towards T. absoluta larvae and
aremarkable oviposition deterrence for females. The nanoformulation also negatively affected the
population growth parameters of T. absoluta, significantly reducing its fecundity by approximately
70% and 42% in contact and topical assays, respectively. Additionally, OVE-NLC had no lethal effects
on the generalist predator Macrolophus pygmaeus and pollinator bee Bombus terrestris as non-target
organisms. Results suggested that OVE-NLC could be successfully used as a potential tool for tomato
integrated pest management programs.
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Tomato, Solanum lycopersicum L., is the second most produced and consumed vegetable species worldwide,
following the potato. This vegetable contains mainly health-promoting nutrients for the human diet. The global
production rate of tomatoes has been constantly growing for over five decades. In 2023, the yearly worldwide
tomato production on five million hectares totaled 190 million tons2. Although tomato production is typically
performed in open fields, its cultivation in greenhouses is growing. In greenhouses, pollination does not occur
naturally, and cultured bumblebees and artificial and hormonal pollination assist this process’. Bombus terrestris
L. (Hymenoptera: Apidae) is one of the most commercially reared species used for crop pollination worldwide.
This species has easier breeding and can form larger colonies than other bumblebees. Although there is a
high demand for the use of B. terrestris, the extensive use of insecticides may negatively affect its growth and
pollination activity*.

Many pests, including insects, acari, fungi, and bacteria, attack tomatoes in greenhouse and open-field
production. The tomato leaf miner, Tuta absoluta Meyrick (Lepidoptera: Gelechiidae), is the most serious insect
pest of solanaceous plants with a preference for tomato. Larvae mine and feed on leaves and all parts of host
plants, resulting in a considerable reduction of up to 100% in all tomato production systems>®. Integrated
management strategies against T. absoluta aim to keep damage to tomatoes below the economic threshold.
Biological control is a key component of such programs’. Biological control of T. absoluta is mostly addressed
using omnivorous predatory mirids. Macrolophus pygmaeus Rambur, 1839 (Hemiptera: Miridae) is a main
biocontrol agent against T. absoluta, whiteflies, aphids, spider mites, and thrips®? that successfully mass-rear for
commercial purposes. However, it should be noted that biological control agents are not fast-acting, and using
them as a single strategy is often more costly than other pest control techniques!”.

While the application of synthetic insecticides seems to be the most commonly used strategy against this
invasive pest worldwide, this form of control is unsustainable and causes potential environmental and human
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health concerns'. Moreover, chemical insecticides cause unwanted side effects on the beneficial species, including
predators and parasitoids'""!2. Therefore, novel eco-friendly alternatives for controlling T. absoluta are urgently
needed. In this regard, botanical insecticides generally receive considerable attention as safe products, and their
use plays a crucial role in integrated pest management (IPM) programs'>.

Amongbotanical insecticides, plant essential oils (EOs) represent an interesting challenge for the development
of new bio-insecticides. These biodegradable compounds have low human and mammalian toxicity, exert their
action via multiple target sites, and affect the physiological, biochemical, and metabolic processes of insects'.
Origanum vulgare L. (family Lamiaceae), also called oregano, has a widespread distribution and high ecological
adaptability across diverse geographical regions'. The published literature indicates that its EO possesses a wide
range of antifungal, antiviral, antibacterial, antioxidant, and insecticidal activities!®. However, some intrinsic
properties of EOs, such as high volatility, poor solubility in water, oxidation sensitivity, and phytotoxicity,
make their use and development problematic under real operating conditions'®. Encapsulation of EOs in
nanostructured lipid carriers (NLCs) can solve these problems and represent a new and sustainable alternative
to chemical insecticides!”. NLCs not only reduce the concentration of EO at which it causes potential efficacy
due to their small size and high surface reactive area but also improve the physical and colloidal stability of the
formulations and their resistance to ultraviolet light, evaporation, and oxidation'®.

Considering the above-mentioned advantages of EOs as bio-insecticides and the promising results observed
for EO encapsulation in NLCs in different industries, the present study, for the first time, investigates the
insecticidal and oviposition deterrent properties of pure O. vulgare EO and its NLC formulation against T.
absoluta as well as their side effects on M. pygmaeus and B. terrestris as non-target organisms. While more
research is needed, our results will provide an important contribution to optimizing the use of these bio-
insecticides within the framework of T. absoluta IPM strategies.

Materials and methods
All experiments were conducted in accordance with the relevant guidelines for the use of animals in research.
There were no licence or permit requirements for the experiments presented in this paper.

Insect rearing

The population of T. absoluta was established using immature stages collected from untreated tomato fields
in West Azarbaijan Province, Urmia, Iran. The pest was reared for several generations in mesh net cages
(60%30x30 cm) containing tomato plants. The cages were maintained in a greenhouse of the Department of
Plant Protection, Faculty of Agriculture, Urmia University, Urmia, Iran, at 28+2 °C, 60+ 5% relative humidity,
and 16:8 h (light: dark) photoperiod.

The original culture of M. pygmaeus was obtained from a mass production company (Farmerz, Lorestan,
Iran) and placed in rearing cages containing potted tomato plants and Ephestia kuehniella Zeller (Lepidoptera:
Pyralidae) eggs, as a reference diet at greenhouse conditions. Additionally, to supplement the diet of predatory
mirid bugs, droplets of honey solution (50% in water) were placed on the tomato plant leaflets every week®.

Commercial B. terrestris hives were supplied from a mass production company (Farmerz, Lorestan, Iran) and
stored in the dark at 23 + 2 °C and 65 + 5% relative humidity. During their stores, 50% sucrose solution was used
for each hive. Pollen was supplied as an essential protein source for larval development every 2 days*.

Extraction and chemical characterization of Origanum vulgare essential oil.

All procedures involving plant material were carried out in accordance with relevant institutional, national,
and international guidelines and regulations, including the IUCN Policy Statement on Research Involving Species
at Risk of Extinction and the Convention on International Trade in Endangered Species of Wild Fauna and Flora
(CITES). The EO was extracted from the aerial parts of O. vulgare collected in the city of Urmia, Iran (37°35’N,
45°05’ E). Dr. Mozhgan Larti formally identified the plant material. A voucher specimen of this species (11073)
was deposited at the Herbarium of Agricultural Research, Education and Extension Organization (AREEO),
West Azerbaijan, Urmia, Iran. Essential oil was extracted from 500 g of dried gathered specimens in 500 mL of
distilled water by hydro-distillation for three hours using a Clevenger-type apparatus. The extracted EO without
water was stored at 4 °C £ 1 in airtight dark vials until use.

The chemical composition of O. vulgare EO was determined using a gas chromatography (GC Agilent, 7890
USA) coupled with a capillary column (BP-5 MS, length of 30 m, inner diameter of 0.25 mm, thin-film of 0.25
um) and a mass selective detector (Agilent 5975 A, USA). The initial oven temperature was kept at 80 °C, for 3
min, then programmed to reach 180 °C at the rate of 8 °C min~!. The sample was maintained at this temperature
for 10 min. Helium, with a flow rate of 1 mL/min, was used as the carrier gas. All mass spectra were recorded
in the electron impact ionization at 70 eV and were scanned in the range of 40-500 m/z. The constituents of
EO were identified by comparing their mass spectra with those described in the instrument libraries and with
published spectra®.

Chemicals

Glycerol distearate (Precirol’ ATOS5) was obtained from Gattefossé, (Saint-Priest, Cedex, France). Poloxamer 407
and Caprylic/capric triglyceride (Miglyol 812) were obtained from Sigma Alderich (Chemie GmbH, Germany)
and Sasal, (Hamburg, Germany), respectively. The commercial formulation of indoxacarb (Indoxacarb’, 15% SC)
and neem (Neem Azal 1% EC) positive controls were obtained from Arya Shimi and Zist Bani Paya (Tehran,
Iran), respectively.

Origanum vulgare EO-NLC preparation
O. vulgare EO-NLC (OVE-NLC) was made by dissolving 200 mg O. vulgare EO in 200 mg liquid lipid (Miglyol)
in a hot water bath and adding it to 1.8 g of melted solid lipid (Precirol). Meanwhile, about 25 mL of aqueous
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surfactant solution containing 1.5 g of Poloxamer was made separately. It was then added dropwise to the melted
lipid phase and homogenized for 15 min at 20,000 rpm using a high-shear homogenizer (Silent Crusher M,
Heidolph, Nuremberg, Germany). Following the same stirring rate, the hot formulation was allowed to cool
down at room temperature, and OVE-NLC was finally produced. A control formulation without O. vulgare EO
(control NLC) was also prepared using the same method?%2!.

Origanum vulgare EO-NLC analysis

Characterization and physical stability

The mean diameter size, polydispersity index (PDI), and zeta potential of OVE-NLC and control NLC were
determined at 24 h after NLC production by dynamic light scattering (DLS) method at 25 °C using a Nano
ZetaSizer system (Malvern Instruments Ltd., UK) in three replications. Moreover, the physical stability of these
formulations was measured at room temperature (20 +5 °C) for 3 months.

Fourier transform infrared spectroscopy (FTIR)

In order to identify the possible interactions that can occur during the synthesis of nanoparticles, the freeze-
dried control NLC and OVE-NLC were mixed with potassium bromide (KBr) and pressed with a hydraulic press
instrument to prepare pellets. FTIR spectra (Shimadzu, Japan) of samples were measured in the wave number
region of 4000-00/cm?2.

Scanning electron microscopy (SEM)

The morphological analysis was carried out for control NLC and OVE-NLC (shape and surface characteristics)
using an SEM (SEM, KYKY-EM3200, Beijing, China). The samples were prepared with deionized water and
placed on a slide until dry at room temperature. The dried samples were then coated with a thin layer of gold,
and the particle morphology was imaged at 26 kV?2,

Encapsulation efficacy

To determine the encapsulation efficiency, 0.5 ml of OVE-NLC was mixed with 3.5 ml of ethanol and stirred for

15 min. Then the sample was transferred to an Amicon ultrafilter tube and centrifuged for 5 min at 5000 rpm. The

absorbance of the filtered sample was recorded using a UV-VIS spectrophotometer (Ultrospec 2000, Scinteck;

UK) at A =272 nm. Finally, the encapsulation efficiency percentage (EE %) was calculated by Eq. (1)%.
Cy—Cy

EE (%) = =25 x 100 1)

where C| is the amount of not encapsulated EO (free EO) (mg) and C, demonstrates the total EO (mg) added to
the nanostructured lipid carrier.

Insecticidal assay
To assess the toxicity of O. vulgare EO and its NLC formulation (OVE-NLC), two distinct experiments were
carried out to simulate the field-realistic scenarios.

Topical toxicity

Using a stock solution of 50 mg/mL, five concentrations for each test compound were prepared by serially
diluting them in ethanol. For evaluating contact toxicity of compounds, 1 UL of appropriate concentrations
(determined from preliminary bioassays to obtain mortality in the range of 20-80%) of OVE and OVE-NLC
was applied onto the mesonotum of T. absoluta second instar larvae (one-day-old) using a microsyringe. After
application, larvae were individually kept in plastic Petri dishes (6 cm diameter) containing tomato leaflets.
The negative control consisted of a control NLC formulation and a distilled water-ethanol mixture (95:5 v/v).
The insecticide activity of indoxacarb (at the highest application rate recommended for tomato crops, 12.5 g/
hL) and neem (at the recommended dose of 300 cc/100L) was also evaluated and used as the positive controls.
Each treatment consisted of 100 replications with a second instar larvae for each replicate. The Petri dishes were
placed in greenhouse conditions. The mortality was counted after 72 h of treatment?’. To determine the sublethal
effects, 200 s instar larvae of tomato leafminer were exposed to LC,, values of OVE and OVE-NLC. After 24 h,
65 live larvae were randomly controlled every 24 h, and observations (developmental duration and survivorship
of different biological stages) were recorded until adults emerged. The results obtained for all treatments were
compared with those of positive and negative controls.

Contact toxicity

To determine the contact toxicity of tested compounds against T. absoluta, prepared tomato leaves were dipped
in appropriate concentrations of OVE and OVE-NLC for 20 s after which leaves were left to air dry. Indoxacarb
and neem were used as positive controls at their reccommended dose and control NLC formulation and a distilled
water-ethanol mixture (95:5 v/v) were used as negative controls. Treated leaves were placed separately in a plastic
Petri dish (6 cm diameter) containing a wet piece of filter paper. Then, 20 s instar larvae of T. absoluta (< one
day old) were randomly selected and transferred into each leaf disc. The treatment for each concentration was
replicated 5 times. After exposure to treatments for 72 h, mortality rates were measured?®. The above-described
methodology was also used in determining the sublethal effects of OVE and OVE-NLC in comparison with
positive and negative controls.
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Effect on fecundity

The effect of OVE and OVE-NLC at their LC, /LD, concentrations was investigated on the fecundity of female T.
absoluta, as well. For this experiment, after the adults emerged from the aforementioned experiments (sublethal
toxicity via topical and contact assays), 20 newly emerged pairs of each treatment were picked randomly, and
each pair was transferred to a mating plastic cage (14 x 11 x5 cm) provided with 10% honey solution to lay eggs
on tomato leaves. The number of eggs laid per female was recorded daily until the death of the females.

Ovideterrence test
The repellent activity of OVE and OVE-NLC at their LC, and LC,, concentrations obtained from the contact
toxicity bioassay for T. absoluta was evaluated in the two-choice assays. For this experiment, newly emerging
adults of T. absoluta were placed in a screened cage to mate 24 h before the experiment. Treated tomato leaves
were air-dried and placed in a cage (40 x 40 x 40 cm) containing 20 adults to lay eggs. After 72 h, adults were
removed, and the number of eggs laid on each tomato leaf was recorded. Five replicates were performed for each
two-choice assay'®. Distilled water-ethanol mixture and NLC sample prepared without OVE loading were used

as negative controls, and commercial neem extract as positive control.

Non-target effect assay

Macrolophus pygmaeus

Topical toxicity Coetaneous 24 h old adults of M. pygmaeus were topically exposed to 1 uL of positive (neem
and indoxacarb) and negative (NLC sample prepared without OVE loading and a distilled water-ethanol mix-
ture) controls or the OVE and OVE-NLC solutions at their LD, concentrations obtained from the topical tox-
icity assay for T. absoluta. Adults were first anesthetized with CO, gas and then received the treatment on their
backs with the aid of microsyringe. Five replicates of 20 insects were used for each treatment. Treated insects
were put individually into plastic Petri dishes (6 cm diameter) with a ventilated lid and a tomato leaflet. E.
kuehniella eggs as factitious prey were added to the Petri dishes. Bioassays were conducted under greenhouse
conditions, and mortality was assessed 72 h after exposure®*.

Contact toxicity Briefly, tomato leaves were dipped in the OVE and OVE-NLC solutions at their LC, concen-
trations obtained from the contact toxicity bioassay for T. absoluta for 20s. Indoxacarb and neem were used as
positive controls. The negative controls consisted of an NLC sample prepared without OVE loading and a dis-
tilled water-ethanol mixture. The leaves were air-dried and then placed individually in plastic Petri dishes, with
their petioles in contact with moist cotton. Then, 20 M. pygmaeus adults (one-day-old) were transferred to each
Petri dish. Mortality assessments were carried out 72 h after exposure. All treatments were replicated 5 times,
with 20 predatory bugs per replication?®.

Bombus terrestris

Topical toxicity ~The healthy bees were collected from the hive in the darkness and were briefly immobilized in
a 1L flask by exposure to CO, (2-5 s). Red light was used only when necessary for handling or picking up work-
ers. Subsequently, the anesthetized workers were immediately treated with 1 pL of each compound at their LD,
concentration obtained from topical toxicity bioassay for T. absoluta. Indoxacarb and neem were used as the
recommended concentrations as positive controls. NLC sample prepared without OVE loading and a distilled
water-ethanol mixture were served as negative controls. The treated bees were transferred individually to a trans-
parent plastic round box (9 cm diameter, 5 cm height) with a ventilated lid. A feeder (Eppendorf, containing
sugar/water syrup 50% v/v) with a hole at the end was added to each box. Fresh thawed pollen was also used as
a supplementary food source. The boxes were maintained in greenhouse conditions. For each treatment, 10 bees
were tested in three replications. The mortality of the bees was measured 72 h after exposure?.

Contact toxicity Residual contact toxicity of OVE and OVE-NLC on B. terrestris was studied according to the
method reported by Besard et al.>” with slight modifications. Tomato leaves were dipped into the bio-insecticide
solutions at their LC, concentrations obtained from contact toxicity bioassay for T. absoluta. Positive and neg-
ative controls were similar to the aforementioned assay. Treated leaves were allowed to air dry and put individ-
ually into plastic box. Then, for each treatment, 10 workers were transferred into the boxes in three replications.
The mortality of bees was measured after 72 h.

Statistical analysis

All statistical analyses were run with the SPSS software package version. 16. The One-way analysis of variance
(ANOVA) and Student’s t-test with Tukey’s post hoc test were used for comparison among different treatment
groups. The life table parameters of T. absoluta were statistically analyzed using TWOSEX-MS Chart software?
and age-stage two-sex life table theory?*?. The variance and standard errors were estimated via 100,000
bootstrap replicates®’. All treatment variations were compared using a paired bootstrap test at a 5% significance
level based on the confidence interval of differences.

Results

Chemical characterization of Origanum vulgare EO

The GC-MS analysis identifies 16 components of O. vulgare EO representing 100% of the total oil content
(Table 1). The major components of the EO were carvacrol (58.10%), thymol (19.64%), m-Cymol (6.84%),
gamma.-Terpinene (6.45%), and alpha.-Terpinene (1.44%) (Fig. 1).
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Peak Compound RT (min) | %

1 a.-Thujene 3.01 0.635
2 Alpha.-Pinene 3.16 0.416
3 beta.-Myrcene 4.05 0.855
4 1 octen 3 ol 4.29 0.448
5 alpha.-Terpinene 4.68 1.436
6 m-Cymol 5.36 6.838
7 gamma.-Terpinene 5.65 6.450
8 Cis-sabinenehydrate 6.06 0.418
9 4-Terpineol 8.65 0.729
10 Estragole 9.83 0.459
11 Carvacrol methyl ether | 10.01 1.309
12 Thymol 11.44 19.643
13 Carvacrol 11.72 58.096
14 trans-Caryophyllene 12.22 1.501
15 beta.-Bisabolene 13.53 0.388
16 Caryophyllene oxide 15.94 0.379
Total detected | - - 100

Table 1. Chemical composition of the essential oil from Oreganum vulgare. RT: Retention time.
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Fig. 1.

OVE-NLC characterization

Optimized OVE-NLC formulation showed a monomodal and homogeneous size distribution with the mean
particle size of 94.26+0.02 nm (Fig. 2). The PDI value was 0.218+0.0008 which confirmed that the system
had a low grade of polydispersity. Also, zeta potential of optimized OVE-NLC showed a negative superficial
charge (—18.75+0.04 mV), suggesting favorable physical stability. The average encapsulation efficiency of this
formulation was 96.71+0.20%. All of the measurements were performed in triplicate. According to SEM, the
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Sample Size (nm) +SE | PDI+SE Zeta potential (mV) +SE | Encapsulation efficacy (%) + SE
Control NLC | 84.57+0.38 0.179+0.001 —23.80+£0.14 -
OVE-NLC 94.26+0.02 0.218+0.0008 | —18.75+0.04 96.71+£0.20

Table 2. Characterization of Origanum vulgare essential oil-loaded nanostructured lipid carrier (OVE-NLC)
and control NLC. PDI: Polydispersity index; SE: standard error.
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Fig. 2. Physical properties of (a) control NLC and (b) Origanum vulgare essential oil-loaded nanostructured
lipid carrier (OVE-NLC): (ai and bi) particle size, (aii and bii) zeta potential distributions profile, (aiii and
biii) scanning electron microscope (SEM) micrograph, and (c) FTIR spectra of OVE-NLC and control NLC.

control NLC and OVE-NLC nanoparticles had spherical shapes in the size range of 58-79 nm and 75-90 nm,
respectively (Fig. 2).

FTIR spectra of control NLC suggested that the absorption peak at 2919 cm~! (C-H stretching, alkanes
group), 1739 cm™! (C=O0 stretching esterified carboxylic acid), and 1470 cm™' (-CH, bending vibrations). The
peak at 1113 indicates the C-O band vibration. FTIR spectroscopy confirmed the incorporation of O. vulgare
EO in NLC components and the formation of physical interactions among them without new chemical bonds
created (Fig. 2).

The physical stability of control NLC and OVE-NLC was followed by measuring the change of size and zeta
potential values after their storage for up to 3 months at 20 °C. As shown in Fig. 3, the average particle size of
both samples showed a slight variance. For instance, the average particle sizes of control NLC and OVE-NLC
obtained after 3 months of storage were increased respectively by only 10 and 30 nm compared to day 1. The PDI
ranged from 0.218 to 0.242 and 0.176 to 0.184 for OVE-NLC and control NLC, respectively. Moreover, the PDI
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Fig. 3. Storage time effect regarding diameter and charge on Origanum vulgare essential oil-loaded
nanostructured lipid carrier (OVE-NLC) and Control NLC at 20 °C. Bar heads with different lowercase letters
indicate significant differences (One way ANOVA, Tukeys test, P<0.05).

Test material | N | LC,, pL/mL (95% CL) | LC,, uL/mL (95% CL) X2(df) | Slope+SE
OVE 500 | 4.34 (3.93-4.80) 17.33 (13.99-27.56) 0.67(3) | 2.74+0.34
OVE-NLC 500 | 1.95 (1.70-2.25) 13.41 (9.13-24.65) 1.47(3) | 1.98+0.24

Table 3. Contact toxicity of Origanum vulgare pure essential oil (OVE), and OVE-loaded nanostructured lipid
carrier (OVE-NLC) against second instar larvae of Tuta absoluta. LC, lethal concentration; CL, confidence
limit has been estimated with 95% confidence; df, degree of freedom

and zeta potential values stayed almost constant, indicating a narrow size distribution of particles during storage
time, confirming that these types of NLC formulations remain stable for at least 3 months.

Insecticidal assay

Contact toxicity

The findings of this assay demonstrated that OVE and OVE-NLC had contact toxicity against second instar
larvae of T. absoluta. The 72 h LC, value of OVE-NLC was found to be lower than those determined for OVE
(Table 3). As shown in Fig. 4, the test materials were toxic to T. absoluta in a dose-dependent manner.

Topical toxicity

In topical toxicity trials, the toxicity of OVE-NLC with LD, of 3.36 ug/larvae (Table 4) was significantly greater
than that of OVE with LD, of 8.39 pg/larvae (95% CLs did not overlap at LD)). As shown in Fig. 5, the test
materials were toxic to T. absoluta in a dose-dependent manner.

Female Tuta absoluta fecundity after the treatment with OVE and OVE-NLC at their LC50
concentrations in topical and contact trials

As shown in Fig. 6, OVE-NLC had the highest fecundity-reducing effect and significantly decreased female
fecundity by approximately 70% and 42% in contact and topical assays, respectively, in comparison with positive
(neem and indoxacarb) and negative (water + ethanol and control NLC) controls.

Population growth parameters

LC,,/LD, values of OVE-NLC severely affected the population intrinsic rate of increase (r) and finite growth
rate (1). The obtained net reproductive rate (R ) and gross reproductive rate (GRR) demonstrated that OVE and
OVE-NLC treatments reduced T. absoluta female population. The median generation time (T) for the control
NLC was significantly shorter than that of OVE and OVE-NLC treatments and the positive controls (Table 5).
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Fig. 4. Mean percentage of mortality + SE of Tuta absoluta second instar larvae in contact bioassays testing
different concentrations (used for calculating LC50) of Origanum vulgare pure essential oil (OVE) and OVE-
loaded nanostructured lipid carrier (OVE-NLC) in comparison with control groups. Mean followed by the
same letters within each column are not significant (One-way ANOVA, Tukeys test, P<0.05).

Test material | N | LD, pg/larvae (95% CL) | LDy pg/larvae (95% CL) X (df) | Slope+SE
OVE 500 | 8.39 (7.81-9.04) 23.04 (18.54-32.93) 0.78(3) | 3.75+0.48
OVE-NLC 500 | 3.36 (3.04-3.71) 13.24 (9.92-21.59) 0.50(3) | 2.57+0.35

Table 4. Topical toxicity of Origanum vulgare pure essential oil (OVE), and OVE-loaded nanostructured lipid
carrier (OVE-NLC) against second instar larvae of Tuta absoluta. LD, lethal dose; CL, confidence limit has
been estimated with 95% confidence; df, degree of freedom
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Fig. 5. Mean percentage of mortality + SE of Tuta absoluta second instar larvae in contact bioassays testing
different concentrations (used for calculating LD50) of Origanum vulgare pure essential oil (OVE) and OVE-
loaded nanostructured lipid carrier (OVE-NLC) in comparison with control groups. Mean followed by the
same letters within each column are not significant (One-way ANOVA, Tukeys test, P<0.05).

Ovideterrence effect

In two-choice experiments, there were no differences in the number of eggs laid on tomato leaves treated by
control NLC and water + ethanol (Fig. 7a), therefore control NLC was used as negative control for other assays.
Additionally, significant differences were observed between the number of eggs laid on treated tomato leaves
by OVE and OVE-NLC. Females laid 1.7 to 3 times more eggs on treated leaves by OVE LC,; and OVE LC,,
respectively (Fig. 7b). Adults of T. absoluta preferred treated leaves by control NLC regardless of the treatments
and concentrations of OVE and OVE-NLC used (Fig. 7c, d). The LC,, of OVE-NLC reduced the number of eggs
laid by approximately 80% compared to the negative control (control NLC) and did not differ statistically from
neem as the positive control (Fig. 7d).
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Fig. 6. Fecundity of Tuta absoluta when second instar nymphs treated with LC50/ LD50 concentrations of
Origanum vulgare pure essential oil (OVE) and OVE-loaded nanostructured lipid carrier (OVE-NLC) in
comparison with positive (neem and indoxacarb) and negative (distilled water + ethanol and control NLC)
controls. (a) contact assay, (b) topical assay. Bar heads with different lowercase letters indicate significant
differences (One-way ANOVA, Tukeys test, P <0.05).

Method of assay | Population parameters | Control NLC | Indoxacarb Neem OVE OVE-NLC
r 0.145+0.004* | 0.126+0.004° | 0.110£0.005¢ | 0.114%0.005¢ | 0.087 %0.005¢
R, 65.015+7.947* | 53.108 +6.928" | 33.354+5.403¢ | 31.108+4.3179 | 15.477 +2.437¢

Contact A 1.156 +£0.005* 1.134+0.005° | 1.117+0.006¢ | 1.121+0.005¢ 1.090 +0.006¢
GRR 70.53+8.234° | 61.47+7.434> |51.56+6.92¢ 37.50+4.7349 | 24.30+3.218¢
T 28.862+0.184 | 31.558+0.267* | 31.937+0.338% | 30.117+0.247> | 31.457 +0.306*
r 0.144+0.005 | 0.122+0.004° | 0.119+0.005¢ | 0.118+0.005° | 0.111+0.005¢
R, 66.554+8.146* | 58.046+7.771" | 45.861+6.768 | 40.000+5.5509 | 31.154+4.575¢

Topical A 1.159+0.005* 1.130+0.005° 1.126 £0.006¢ 1.129+£0.005¢ 0.117+0.006¢
GRR 72.37+8.442° | 69.52+8.862> | 62.55+7.982c¢ | 46.15+5.971¢ | 42.33+5.304¢
T 29.044+0.246% | 33.181+0.331% | 32.141+0.375" | 31.062+0.258 | 31.093 +0.293¢

Table 5. Population growth parameters (Means + SE) of the first generation produced by Tuta absoluta
treated with LC, or LD, concentration of Origanum vulgare pure essential oil (FVO) and OVE-loaded
nanostructured lipid carrier (OVE-NLC) in comparison with positive and negative controls. Means within a
row followed by different letters are significantly different between treatments by using the paired-bootstrap

at 5% significance level ; There was no significant difference between control NLC and distilled water-ethanol
mixture, as controls. R, intrinsic rate of increase (d™1), R, net reproductive rate (offspring/individual), A, finite
rate of increase (d™!), GRR: growth reproductive rate (offspring/individual), T, mean generation time (d).

Non-target effect assay
Seventy-two hours after the application of OVE and OVE-NLC in the LD, /LC,, and LD, /LC,, for T. absoluta,
the predator (M. pygmaeus) and the pollinator (B. terrestris) mortality rates were evaluated.

Significant differences were observed among the treatments for predatory bug mortality (Fig. 8). The lowest
mortality of M. pygmaeus was observed in treatments with OVE-NLC, resulting in mortality rates of 10-25% in
the contact trial and 10-20% in the topical trial. In the topical assay, compared with the other treatments, OVE
at LC, /LD, and LC, /LDy, concentrations was more toxic to M. pygmaeus adults. In contrast, in the contact
assay, indoxacarb resulted in the most significant reduction in predatory survival.

When exposing the pollinator bee to OVE and OVE-NLC at their LD, /LC,, and LD, /LC, concentrations
for T. absoluta in contact and topical assays, both the OVE-NLC LC, /LD, and OVE-NLC LC, /LDy, had
a significantly lower impact on B. terrestris mortality than positive controls and OVE (Fig. 9). In detail, this
nanoformulation of O. vulgare EO highlighted higher non-target toxicity than the pure form of it (OVE).

As shown in Fig. 9, the two insecticides neem and indoxacarb differently affected bee pollinator mortality. In
both application methods, indoxacarb was the most toxic (with a mortality rate of 80% and 58% in the contact
and topical assays, respectively). Conversely, neem had a low impact on bee mortality rates (ranging from 15 to
35%). Compared with other treatments, in both tested concentrations, OVE was more toxic to B. terrestris and
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Fig. 7. Number of Tuta absoluta eggs laid on tomato leaves in ovideterrence two-choice assays testing
Origanum vulgare pure essential oil (OVE) and OVE-loaded nanostructured lipid carrier (OVE-NLC) in
comparison with positive (neem) and negative (distilled water + ethanol and control NLC) controls. (a)
controls, (b) OVE vs. OVE-NLC, (c) OVE vs. controls, (d) OVE-NLC vs. controls. *Significant; ns, not
significant (t-test, P<0.05).
caused the second-highest mortality effects on the bee pollinator (mortality rates ranging from 35 to 52%, in
both tested methods).
Discussion
The present study showed that O. vulgare EO collected from Urmia, Iran, consisted of carvacrol as a major
component. The findings align with Xie et al.*? and de Souza et al.*}, who reported that the EO of Chinese and
Brazilian oregano had the same major compound with different content levels. In contrast, O. vulgare EO collected
from India had thymol as the main compound, followed by y-terpinene and linalool**. These differences are
considerably caused by a mixture of environmental (weather/soil/ nutrition/climate) and genetic factors, which
can influence the biosynthesis of EO components. According to earlier findings on the composition of the O.
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Fig. 8. Mean of adult mortality of Macrolophus pygmaeus 72 h after application of Origanum vulgare pure
essential oil (OVE) and OVE-loaded nanostructured lipid carrier (OVE-NLC) at their LC50/LD50 or LC90/
LD90 estimated for Tuta absoluta in comparison with positive (neem and indoxacarb) and negative (distilled
water + ethanol and control NLC) controls. (a) contact assay, (b) topical assay. Mean followed by the same
letters within each column are not significant (One-way ANOVA, Tukeys test, P<0.05).
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Fig. 9. Mean of adult mortality of Bombus terrestris 72 after application of Origanum vulgare pure essential
oil (OVE) and OVE-loaded nanostructured lipid carrier (OVE-NLC) at their LC50/LD50 or LC90/LD90
estimated for Tuta absoluta in comparison with positive (neem and indoxacarb) and negative (distilled
water + ethanol and control NLC) controls. (a) contact assay, (b) topical assay. Mean followed by the same
letters within each column are not significant (One-way ANOVA, Tukeys test, P<0.05).

vulgare EO from different parts of the world, this plant species has a wide variety of phytomolecule polymorphs
and chemotypes. However, the cymyl-type is the most common and economically important chemotype for O.
vulgare EO, which is characterized by carvacrol or thymol as the main component®.

The zeta potential is an important indicator used for the electrostatic stability of nanoparticles, where values
greater than + 30 mV or less than — 30 mV indicate good storage stability of the nanoparticles in dispersion®. Also,
the PDI value is another important parameter reflecting the nanoparticle size distribution and homogeneity. The
PDI value range from 0.1 to 0.25 indicates a homogeneous particle size distribution®”. In the current study, the
obtained values of zeta potential and PDI confirmed the stability and homogeneity of particles in the produced
OVE-NLC formulation.
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The ratio of solid lipid compared to liquid lipid has a significant effect on NLCs particle size and stability®®. A
study conducted by Pezeshki et al.** evaluated the effect of different solid-to-liquid lipid concentrations (2:1, 4:1,
and 10:1) on stability and particle size of NLC formulations and demonstrated that the use of a solid lipid-to-
liquid oil ratio of 10 to 1, compared to other ratios led to a narrower particle size distribution and stable system,
which is what happened in the current study. Additionally, consistent with our results, previous studies reported
that NLCs with an optimal concentration of Poloxamer (5% w/v) and a Mygliol: EO ratio of 50:50 or higher are
strongly stable and free from aggregation!”4.

FTIR analysis revealed that the OVE-NLC spectrum was similar to that of the corresponding control NLC
formulation, with the same absorption band profile. These results were consistent with some previous findings
such as cinnamon and red sacaca essential oils loaded NLC system?>*!.

The present study demonstrated for the first time the potential lethal and sublethal activities of O. vulgare EO
and its nanostructured lipid carrier formulation against T. absoluta. These compounds also showed an oviposition
deterrence effect against this invasive tomato pest. These findings can be very useful, considering that T. absoluta
has a high tendency to develop resistance to conventional insecticides'. The insecticidal activity of O. vulgare EO
has already been proven for different insect pests belonging to the orders Coleoptera, Lepidoptera, Hemiptera,
Isoptera, and Diptera®?. The insecticidal activity of O. vulgare EQ in the present study may initially be related to
its constituents. As the main monoterpenoid compounds in oregano EO studied herein, carvacrol and thymol
demonstrated insecticidal activity against different field crop insect pests*®. Therefore, carvacrol and thymol
might be responsible for the toxicity of Oregano EO against T. absoluta.

In addition to the insecticidal effect, we observed lower rates of oviposition on leaves treated with OVE and
OVE-NLC in two choice assays. These results may be related to the ovipositional deterrent effects of O. vulgare
EO against adults of T. absoluta, which preferred to oviposit on untreated leaves. Reduction in oviposition
can represent a significant reduction in the T. absoluta population and, therefore, can be a useful approach to
avoid increasing pest population on tomato plants in greenhouse and field conditions. The effect of oviposition
deterrence can also be related to the carvacrol and thymol as major components of O. vulgare EO. As an example,
these compounds had a substantial oviposition deterrent effect against Frankliniella occidentalis Pergande on
plum blossoms*4.

The masking effect of some Lamiaceae plant species EOs on volatile tomato chemicals is recognized as a
probable reason responsible for the oviposition deterrence displayed by these plants, which prevents T. absoluta
females from identifying the presence of tomatoes®. A literature survey revealed that some studies on the
oviposition deterrence of T. absoluta have been conducted using laurel, Spanish oregano, basil, and garlic EOs
in tunnels/field/greenhouse*>. An oviposition repellence caused by nanoformulation of Allium sativum L. EO
against T. absoluta has also been reported by Ricupero et al.*’.

According to previous studies, encapsulating different EOs in NLCs increases their stability as well as improves
their antioxidant, anti-inflammatory, and antibacterial activities*®*’. Consistent with our results, Radwan et al.**
reported that compared to the essential oils alone, the biological evaluation of NLC-encapsulated fennel essential
oil showed potential results on both larvicidal and adulticidal effects against Culex pipiens L.

Moreover, a significant reduction in fecundity was observed in T. absoluta females that emerged from second
instar larvae exposed to LC,, or LD, of OVE and OVE-NLGC, indicating that these bioinsecticides can reduce
offspring and the population size of subsequent generations of T. absoluta. As determined in previous studies,
poor nutrition before adult emergence and antifeedant activity of essential oils affected female fecundity®">2.
Exposure to sublethal concentrations of insecticides can have intergenerational and transgenerational effects
on tested insects. Here, OVE and OVE-NLC negatively impacted the T. absoluta F1 population (r, A, and R).
This indicated that OVE and OVE-NLC significantly inhibited the reproduction and propagation ability of
the progeny population®®. de Figueiredo et al.?* reported that key population parameters of T. absoluta were
decreased significantly after treatment with LC;; of Cinnamomum spp. essential oil. According to earlier
funding, sublethal effects on biological and population parameters of the target insects are related to the type of
insecticides and insect pest species™.

Numerous scientific studies have been published in recent years that demonstrate chemical insecticides’
detrimental effects on human and environmental health. Therefore, bio-insecticides are becoming more popular,
and their use for managing dangerous arthropods has been increasing?. In the current study, besides the direct
topical toxicity, the residual contact application method was also investigated, considering that non-target
organisms may come into contact with the bio-insecticides residues during their foraging behaviors. According
to our results, among the products tested, OVE-NLC stood out with its low lethal effects for two non-target
organisms in both contact and topical methods. These results can be attributed to the effect of NLC formulation
of O. vulgare EO, which is known to be crucial in enhancing the stability and the gradual release of the EO
therefore influencing its toxicity®2.

Our results are in partial accordance with Arno and Gabarra®, who found that seven days after applying the
indoxacarb and azadirachtin against M. pygmaeus via the contact method, the mortality rates were 51% and 5%,
respectively. On the contrary, Martinou et al.?® results showed that indoxacarb killed 30% of M. pygmaeus in the
contact application.

In another study, Stanley et al.>® found that the application of indoxacarb on honey bees resulted in a lethality
of 50% in the residual contact application and 86% in the topical application, at 48 h after treatment. These
results are close to those obtained in the current study.

As regards the low non-target effects for neem, it is stated that the low solubility of this insecticide and
comparatively lower insecticidal effectiveness compared to the deterrence effect at the same dose are the important
limitations of using it in field applications®®. In this context, our results for the toxicity and oviposition deterrent
effect of OVE-NLC against P. absolute, as well as its negligible effects on tested non-target organisms, can be
promising. However, before drawing final conclusions on this O. vulgare EO nanoformulation for its inclusion
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into T. absoluta IPM strategies, further research on OVE-NLC toxicity on different life stages of pollinator bee
and mirid predator and its sublethal impacts under different environmental conditions are needed*”*”.

Conclusions

The considerable lethal and sublethal effects of OVE-NLC against T. absoluta and the absence of toxic effects
towards the generalist predator M. pygmaeus and the pollinator bee B. terrestris suggest that the application of
OVE-NLC could be a viable option for managing T. absoluta populations even in the presence of the adult predators
and pollinators. The obtained optimal physical characterizations for OVE-NLC nanoformulation, allowing good
stability over 3 months, is another positive result. However, the lethal effects of this nanoformulation of O.
vulgare EO on larval stages of M. pygmaeus and B. terrestris and its sublethal effects should also be investigated
in future research under greenhouse and open field production areas to contribute to the elimination of many
doubts on EO-loaded NLCs by considering the results obtained in the present study.

Data availability
All data supporting this study’s findings are included in the article.
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