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Abstract: The encapsulation of essential oils (EOs) in nanostructured lipid carriers (NLCs) represents
a modern and sustainable approach within the agrochemical industry. This research evaluated the
colloidal properties and insecticidal activity of NLCs loaded with thyme essential oil (TEO-NLC)
and rosemary essential oil (REO-NLC) against three common arthropod pests of ornamental flow-
ers: Frankliniella occidentalis, Myzus persicae, and Tetranychus urticae. Gas chromatography—mass
spectrometry (GC-MS) analysis identified the major chemical constituents of the EOs, with TEO
exhibiting a thymol chemotype and REO exhibiting an o-pinene chemotype. NLCs were prepared
using various homogenization techniques, with high shear homogenization (HSH) providing the
optimal particle size, size distribution, and surface electrical charge. A factorial design was employed
to evaluate the effects of EO concentration, surfactant concentration, and liquid lipid /solid lipid
ratio on the physicochemical properties of the nanosuspensions. The final TEO-NLC formulation
had a particle size of 347.8 nm, a polydispersity index of 0.182, a zeta potential of —33.8 mV, an
encapsulation efficiency of 71.9%, and a loading capacity of 1.18%. The REO-NLC formulation had a
particle size of 288.1 nm, a polydispersity index of 0.188, a zeta potential of —34 mV, an encapsulation
efficiency of 80.6%, and a loading capacity of 1.40%. Evaluation of contact toxicity on leaf disks
showed that TEO-NLC exhibited moderate insecticidal activity against the western flower thrips
and mild acaricidal activity against the two-spotted spider mite, while REO-NLC demonstrated
limited effects. These findings indicate that TEO-NLCs show potential as biopesticides for controlling
specific pests of ornamental flowers, and further optimization of the administration dosage could
significantly enhance their effectiveness.

Keywords: nanostructured lipid carrier; essential oils; high shear homogenization; biopesticide

1. Introduction

Nanotechnology has revolutionized many industries, including pharmaceuticals,
foods, cosmetics, and agrochemicals [1-4]. In the pharmaceutical industry, nanoparti-
cles technology is essential for drug delivery to target tissues and other functional roles.
Among those nanoparticles, solid lipid nanoparticles (SLNs) and nanostructured lipid
carriers (NLCs) provide a stable delivery system for active ingredients and improve their
bioavailability [5,6]. Essential oils (EOs) are special active ingredients valued for their
biological properties. These oils have gained significant interest in various fields, including
pharmaceuticals and cosmetics, due to their natural and safe status, broad acceptance
by consumers, and versatile functional properties [7]. In recent years, there has been a
growing interest in the use of EOs as biopesticides for pest control [8]. These compounds
have demonstrated important bio-pesticidal properties, such as insecticidal, fungicidal,
and antimicrobial effects [9]. Furthermore, EOs are biodegradable and pose less risk to the
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environment and human health compared to synthetic chemical pesticides. The use of EOs
for pest control can provide a promising solution to address the challenges of pesticide resis-
tance, environmental pollution, and human health concerns [10]. However, their volatility
and sensitivity to light, heat, and oxidation present challenges for their application. To
address these challenges, encapsulating EOs in SLNs and NLCs has emerged as a promis-
ing approach to overcome these limitations [11] and represents a modern and sustainable
alternative to synthetic chemical pesticides within the agrochemical industry [12].

Agrochemicals consumption is particularly high in the ornamental flower industry to
meet aesthetic and production demands, reflecting its intensive production practices [13].
The global floriculture industry, encompassing cut flowers, potted flowering plants, and
propagation materials like seeds and bulbs, is a thriving market with a dynamic growth
trajectory and substantial financial returns, exceeding an estimated USD 100 billion in
annual trade value [14]. Colombia is well-known for its diverse ornamental flower industry,
which significantly contributes to the country’s agricultural economy. As one of the world’s
leading producers and exporters of cut flowers, Colombia’s ornamental flower sector
encounters distinct challenges, especially the management of pests that can threaten the
quality and exportability of the flowers [15]. A study conducted in the Antioquia region
found that a significant number of hydrangea flower samples contained limiting pests,
which posed a risk to the industry’s access to international markets. The study identified
mites, along with their eggs and mobile stages, as the most prevalent arthropod pests.
However, the prevalence of aphids, thrips, and slugs was also significant [16].

The aim of this work was to develop EO-NLC formulations as potential biopesticides
against three key arthropod pests of ornamental flowers: Frankliniella occidentalis (Western
flower thrips), Myzus persicae (green peach aphid), and Tetranychus urticae (two-spotted
spider mite). The study involved the extraction by steam distillation of Thymus vulgaris EO
(TEO) and Rosmarinus officinalis EO (REO) and the preparation of NLC dispersions through
various methods, including high shear homogenization (HSH), ultrasound homogenization
(USH), and hot high-pressure homogenization (HHPH). We utilized a 23 factorial design
to study the influence of the EO concentration, surfactant concentration, and the liquid
lipid/solid lipid ratio on some colloidal properties. The formulations were analyzed
for particle size, polydispersity index, zeta potential, encapsulation efficiency, loading
capacity, and thermal properties to achieve optimal physicochemical characteristics. These
formulations were evaluated for their contact toxicity effects against the arthropod pests.

2. Materials and Methods
2.1. Materials

Thyme (Thymus vulgaris) and rosemary (Rosmarinus officinalis) plants were harvested
from a commercial plantation located in Rionegro, Antioquia, Colombia (6°12/00.6” N
75°21'33.5"” W). The mean annual temperature of the municipality is 18 °C, the mean
annual precipitation is 2100 mm, and the dominant soil is derived from volcanic ash.

Carnauba wax (CW) and thymol were purchased from Sigma-Aldrich, St. Louis, MO,
USA. Miglyol (MIG) was provided by Cremer oleo GmbH & Co., Hamburg, Germany.
Tween 80 (T80), 1,8-cineol, chloroform, dichloromethane, acetone and ethanol were pur-
chased from Merck, Boston, MA, USA.

2.2. Essential Oil Extraction

Thyme and rosemary freshly harvested plant material was ground using an agro-
industrial chopper and then extracted by steam distillation using semi-industrial distillation
equipment. The extractor vessel was filled with a packed fixed bed made of crushed fresh
plant leaves and stems. Slightly superheated steam at approximately 102 °C was generated
in a propane gas-fired boiler. Once the desired temperature was reached, a valve was
opened to inject the steam through a distributor at the bottom of the vessel. This process
heats the raw material, causing the volatile components of the plant to vaporize. The entire
distillation process took approximately 3 h. Afterward, TEO and REO were separated
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from the aqueous phase, dehydrated with anhydrous sodium sulfate, preserved in airtight
containers, protected from light exposure, and stored at 4 °C. A scheme of the extraction
process is shown in Figure 1.
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Figure 1. Scheme of extraction process to obtain TEO and REO: (a) thyme and rosemary freshly
harvested plant material; (b) grinding step by agro-industrial chopper; (c) distillation equipment:
boiler-extractor vessel-condenser—collector; (d) thyme EO and rosemary EO.

2.3. Characterization of Essential Oil’s Chemical Composition

The chemical characterization of the EOs was carried out using gas chromatogra-
phy coupled to mass spectrometry (GC-MS). Samples were prepared via dilution with
dichloromethane. A certified C6-C25 hydrocarbon mixture (AccuStandard, New Haven,
CT, USA) was used as the reference material. Chromatographic analysis was performed
using an Agilent Technologies 6890 gas chromatograph coupled with a mass selective
detector (MSD, AT 5973N) (Agilent Technologies, Inc., Santa Clara, CA, USA), operated
in full scan mode. Injection was performed in split mode (30:1), injection volume, Vi
= 2 uL. The column used in the analysis was a DB-5MS (J & W Scientific, Folsom, CA,
USA), 5%-Ph-PDMS, 60 m x 0.25 mm X 0.25 pm. The presumptive identification of the
compounds detected in the samples was based on their mass spectra (EI, 70 eV) and
fragmentation patterns, using the Adams, Wiley, and NIST databases.

2.4. Preparation of NLC Dispersions

Initially, three methods of colloidal system production were tested: HSH, USH, and
HHPH. All methods shared the HSH stage and were tested with a previously developed
formulation consisting of 20% organic phase, 4% surfactant, and 2% EO. The NLCs were
prepared using procedures adapted from Khezri, Souto, and Baldim studies [17-19],which
involved HSH, USH, and HHPH with some modifications.

First, the surfactant and water were weighed into a glass container as the aqueous
phase, while the wax, liquid lipid, and EOs were weighed separately in different containers.
The wax was heated until melted at 82 °C, and the aqueous phase was heated to a temper-
ature 5-10 °C higher than the melting point of the wax. After warming for one minute,
the liquid lipid and EO blend was mixed with the melted wax before adding the aqueous
phase. HSH was carried out using an Ultraturrax T25 mixer (IKA, Staufen im Breisgau,
Germany) starting at 2800 rpm speed and gradually increasing to 25,000 rpm for five min-
utes. Following this step, the resulting hot colloidal emulsion was allowed to cool down
to room temperature (RT). In USH, the hot pre-emulsion was sonicated using a Branson
250 ultrasonic probe (Branson Ultrasonics Corp., Brookfield, CT, USA) at 90% amplitude
for one minute; then, the resulting colloidal emulsion was cooled to RT. In HHPH, the hot
pre-emulsion was passed once through a pre-heated Emulsiflex C3 homogenizer (Avestin
Inc., Ottawa, Canada) at 1500 bar; then, the resulting colloidal emulsion was cooled to RT.

Free EO NLCs (FEO-NLC) dispersions were prepared using the same procedure as
described above. FEO-NLC formulation was produced to evaluate the thermal behavior of
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systems without essential oils and to serve as a control in toxicity tests against arthropods.
A scheme of the preparation process is shown in Figure 2.
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Figure 2. Experimental scheme of NLCs production: (a) heating aqueous phase and organic phase
separately; (b) mixing and homogenization of both phases by HSH; (c¢) homogenization of hot
pre-emulsion by HHPH; (d) homogenization of hot pre-emulsion by USH.

2.5. Factorial Design

A 23 factorial design with four central points was carried out to evaluate the effect
of (A) the concentration of EO (%w/w); (B) the concentration of T80 (%w/w); and (C) the
liquid lipid/solid lipid ratio (LL/SL) on (1) particle size; (2) PDI; and (3) Zeta potential.

Table 1 presents the factor levels as a percentage of each component in the formulations.

Table 1. Levels of the independent variables (factors).

Levels
Factors
- 0 +
A: Essential oil, Y%ow/w 1 2 3
B: Tween 80, %w/w 3 4 5
C: LL/SL (Liquid lipid /Solid lipid) 15/85 20/80 25/75

The results were analyzed using ANOVA and a response surface model using R
(R 4.1.3, R Core Team, 2022) Table S1 shows the composition and codification of each
formulation. Table S2 indicates the MIG/EO ratio in the NLC formulations of the factorial
design (See Supplementary Data).

2.6. Characterization of NLC
2.6.1. Particle Size, Polydispersity Index, and Zeta Potential Determination

Mean particle size and particle size distribution were characterized by Dynamic light
scattering (DLS) and surface charge was characterized electrophoretic light scattering (ELS).
The Zetasizer Nano Z590 equipment (Malvern Instruments, Worcestershire, United King-
dom) was employed to measure the average particle size, polydispersity index, and zeta
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potential. To ensure accuracy and repeatability, each sample underwent a 1:1000 dilution
in Type I water before measurements. Each sample was measured three times at 25 °C.

2.6.2. Morphological and Structural Characterization

A dilution of 1:5000 of the NLCs in type I water was prepared for SEM and
TEM analyses.

The morphology and surface roughness of NLCs were analyzed via scanning electron
microscopy (SEM). The samples were fixed on a graphite tape, coated with gold (Au) using
a DENTON VACUUM Desk IV equipment (Denton Vacuum Inc., Moorestown, NJ, USA),
and analyzed using a JEOL JSM 6490 LV scanning electron microscope (Jeol Ltd., Tokyo,
Japan), with an accelerating voltage of 20 kV under high vacuum to obtain high-resolution
images. The secondary electron detector was employed to evaluate the morphology and
topography of the samples.

The structure and morphology of NLCs were analyzed via transmission electron
microscopy (TEM). A small volume of the diluted NLC suspension was placed onto a
copper grid coated with a film of formvar carbon. The grid was allowed to air dry for
several minutes to allow the NLCs to adhere to it. Once the grids were dry, they were
immersed in a drop of uranyl acetate for 8 min and then washed several times in containers
with type I water. Excess water was removed from the grid using filter paper. Subsequently,
images of the NLCs were captured using a Tecnai F20 Super Twin TMP transmission
electron microscope(FEI Company, Hillsboro, OR, USA) with an accelerating voltage of
80 kV.

2.6.3. Encapsulation Efficiency and Loading Capacity

The chromatographic analysis was conducted using an Agilent Technologies 7890 A
gas chromatograph (Agilent Technologies, Inc., Santa Clara, CA, USA). Injection was per-
formed in split mode (50:1), Vinj = 1 pL. The column used was DB-5 (Agilent Technologies,
Inc., Santa Clara, CA, USA), 30 m x 0.25 mm x 0.25 um, with an FID detector. The carrier
gas was hydrogen at 1 mL/min. The oven temperature started at 40 °C for 3 min and then
increased by 5 °C/min to a final temperature of 160 °C, which was held for 1 min. The
detector temperature was 260 °C. A series of standard solutions with known concentrations
of the marker compound (thymol and 1,8-cineole for TEO and REO, respectively) were
prepared in chloroform, with the same solvent used to dissolve the NLCs. The calibration
curve for each marker was established in a concentration range between 1 to 2000 ppm and
performed in triplicate.

Encapsulation Efficiency

Encapsulation efficiency measures the amount EO encapsulated within the NLCs
relative to the total amount of EO added to the system. Since EO is a mixture of many
compounds, a marker compound was chosen to quantify and indicate the approximate
amount of encapsulated EO.

A known amount of the NLC suspension was circulated through a tangential flow
filtration (TFF) system with a 0.22 um polyethersulfone (PES) membrane at a flow rate
of 10 mL/min, and the filtrate was collected. This filtrate was then placed in the upper
chamber of a Pierce™ 10 K MWCO protein concentrator tube (Thermo Fisher Scientific,
Waltham, MA, USA). The system was centrifuged at 10,000 rpm for 15 min, after which
0.5 mL of the separated fraction collected at the bottom of the tube (filtrate) underwent
liquid-liquid extraction with chloroform. The organic phase was subjected to GC to
quantify the free marker compound.

Separately, 1 mL of the NLC suspension was mixed with 1 mL of chloroform ina 2 mL
Eppendorf tube. The mixture was sonicated and heated to 45 °C for 10 min in a sonication
bath to dissolve the nanoparticles and extract the total EO present in the formulation
through liquid-liquid extraction. Subsequently, centrifugation at 14,000 rpm for 30 min
at 4 °C was performed to separate the wax from the chloroform, and the organic phase
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was removed from the Eppendorf tube. The organic phase was subjected to GC to quantify
the total amount of the marker compound in the formulation. Equation (1) was used to
calculate the encapsulation efficiency.

Total marker compound in the formulation) — (free marker compound)]

o pp — L
JoEE = (marker compound in the essential oil)

«100 (1)

Loading Capacity

Loading capacity (% LC) measures the amount of EO loaded into the NLCs per unit
mass of the lipid matrix. Since EO is a mixture of many compounds, a marker compound
was chosen to quantify and indicate the approximate amount of loaded EO into NLCs.

A total of 1 mL of the NLC suspension was placed in a 2 mL Eppendorf tube. The
NLCs were separated from the suspension medium via centrifugation at 14,000 rpm at
4 °C for 60 min, forming a pellet at the top due to the density difference between the NLCs
and the aqueous medium. The supernatant was removed, and the pellet was washed
with ethanol to eliminate any residual unencapsulated EO. The pellet was dried at room
temperature to remove solvent residues. The dry weight of the NLC pellet was determined
using an analytical balance. The dry pellet was transferred to a 2 mL Eppendorf tube,
and 1 mL of chloroform was added. The mixture was sonicated and heated to 45 °C for
10 min in a sonication bath to dissolve the nanoparticles and extract the total EO present in
the NLCs. Subsequently, centrifugation at 14,000 rpm for 30 min at 4 °C was performed
to separate the wax from the chloroform, and the organic phase was removed from the
Eppendorf tube. The amount of marker compound in the NLCs was quantified by GC. The
loading capacity of EO in the NLCs was calculated using Equation (2) as the weight ratio
of the marker to the NLCs, expressed as a percentage.

extracted marker compound mass)

orc -
PLC = (NLC mass)

%100 )

2.6.4. Thermal Analysis

Differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) analy-
ses were performed to study the thermal properties and phase transitions of the solid
lipid matrix, yielding valuable insights into its stability and behavior under varying
temperatures.

For sample preparation, 1 mL of the NLC suspension was placed in an Eppendorf
tube. Centrifugation at 14,000 rpm at 4 °C for 1 h separated the NLCs from the suspension
medium, forming a pellet at the top. The supernatant was removed, and the pellet was
washed with ethanol to eliminate any residual unencapsulated EO, then dried at room
temperature to remove solvent residues.

DSC analysis was conducted using a DSC 250 (TA Instrument, New Castle, DE, USA).
Samples were heated at 5 °C/min from room temperature (26 °C) to 120 °C in a nitrogen
atmosphere with a flow of 50 mL/min.

TGA analysis was performed with a TGA/DTA 5500 (TA Instrument, New Castle, DE,
USA). Heating was carried out from room temperature (26 °C) to 600 °C at 5 °C/min in a
nitrogen atmosphere with a flow of 50 mL/min, using a platinum sample holder.

2.7. Toxicity Test by Direct Contact

Bean plants were grown and maintained free of pesticides. Cultures of M. persi-
cae, T. urticae, and F. occidentalis were maintained in laboratory conditions (25 + 5 °C,
70 &£ 5% RH). Circular leaf disks (4 cm diameter) were cut from healthy bean plants. Each
disk was placed in a separate plastic container (8 cm diameter) with a pre-perforated lid
and a veil to allow ventilation. Twenty adults of M. persicae and T. urticae, and ten adults of
F. occidentalis were used per treatment. Each treatment was replicated four times.

Prior to treatment application, insects were gently transferred onto the leaf disks
within the prepared containers. Treatment solutions were prepared as described in Table



Colloids Interfaces 2024, 8, 55

7 of 23

53, and 0.50 mL of each test solution were applied to the insects using a hand sprayer.
Containers were maintained in laboratory conditions (25 &+ 5 °C, 70 &+ 5% RH).

Control groups included acetone (as solvent for EO dilutions), distilled water (as
negative control), and CapsiAlil EC® insecticide at the recommended label concentration
(as a positive control).

Mortality was recorded at 24 and 48 h post-treatment. Percentage mortality was
calculated for each replicate. Data were analyzed using non-parametric methods (Kruskal-
Wallis test, o« = 0.05). The results were analyzed by ANOVA using R (R 4.1.3, R Core
Team, 2022).

3. Results
3.1. Chemical Composition of Essential Oils and Identification of Chemotypes

Table 2 shows TEO contains approximately equal proportions of oxygenated monoter-
penes (47.5%) and monoterpene hydrocarbons (48.3%), with a low content of sesquiterpene
hydrocarbons (4.2%). The predominant compound in the EO is thymol (35.6%), while
all other components are below 19%. The monoterpene hydrocarbons in thyme oil are
primarily y-terpinene (18.7%) and p-cymene (18.1%), which serve as precursors to thymol
and carvacrol [20]. Other significant constituents include linalool (3.1%), borneol (2.0%),
carvacrol (1.5%), and terpinen-4-ol (1.1%). The chromatogram can be seen in Figure S1
(Supplementary data).

Table 2. Identification, retention times (tr), and relative amounts (%) of the volatile fraction compo-
nents present in the sample of essential oil from T. vulgaris analyzed by GC/MS (full scan).

tr (min) Chemical Compounds Relative Amount (%)
9.5 Methyl 2-methylbutanoate 0.2
159 a-Thujene 22
16.3 «-Pinene 14
17.0 Camphene 1.0
18.0 Sabinene 0.1
18.2 Oct-1-en-3-o0l 1.1
18.6 [3-Myrcene 2.2
19.5 o-Phellandrene 0.3
19.6 A3-Carene 0.1
19.9 a-Terpinene 3.3
20.3 p-Cymene 18.1
20.5 Limonene 0.5
20.6 -Phellandrene 0.2
20.6 1,8-Cineole 1.0
21.7 y-Terpinene 18.7
21.8 Pent-4-en-1-yl butanoate 0.2
222 cis-Sabinene hydrate 0.4
22.8 Terpinolene 0.2
23.3 Linalool 3.1
23.5 trans-Sabinene hydrate 0.2
254 trans-Chrysanthemal 0.1
26.4 Borneol 2.0
26.7 Terpinen-4-ol 11
27.2 a-Terpineol 0.2
28.7 Thymyl methyl ether 0.1
28.8 Neral 0.2
29.9 Geranial 0.2
30.6 Thymol 35.6
30.7 Borneol acetate 0.3
309 Carvacrol 1.5
35.7 trans-p-Caryophyllene 4.0

38.8 v-Cadinene 0.2
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Table 3 indicates that REO has a higher content of monoterpene hydrocarbons (49.7%)
compared to oxygenated monoterpenes (46.2%), with a low content of sesquiterpene
hydrocarbons (4.1%). The chromatogram enables to identify a-pinene (19.4%) as the major
compound, followed closely by 1,8-cineole, which is reported to have a higher relative
amount (21.9%) than a-pinene. However, this is due to the combined relative area with
B-phellandrene, as the substantial presence of 1,8-cineole caused peak overlap, hindering
adequate resolution in this sample. As shown in the chromatogram, the peak intensity
for 1,8-cineole was lower than that for a-pinene (see Figure S2 in Supplementary data).
The third major compound was camphor (11.6%). Other significant compounds include
camphene (7.6%), thymol (7.1%), y-terpinene (4.4%), 3-pinene (4.0%), p-caryophyllene
(3.8%), limonene (3.7%), p-cymene (3.3%), and «-phellandrene (2.7%). These findings
suggest that REO contains higher amounts of various monoterpenes, besides the three
primary compounds that characterize each EO.

Table 3. Identification, retention times (tr), and relative amounts (%) of the volatile fraction compo-
nents present in the sample of essential oil from R. officinalis analyzed by GC/MS (full scan).

tr (min) Chemical Compounds Relative Amount%
15.8 Tricyclene 0.3
15.9 a-Thujene 0.6
16.3 «-Pinene 194
17.1 Camphene 7.6
17.2 Thuja-2,4(10)-diene 0.1
18.3 3-Pinene 4.0
18.7 [3-Myrcene 1.3
19.5 a-Phellandrene 27
19.9 o-Terpinene 1.4
20.3 p-Cymene 3.3
20.5 Limonene 37
20.7 1,8-Cineole + B-Phellandrene 219
21.7 v-Terpinene 44
222 cis-Sabinene hydrate 0.2
22.8 Terpinolene 0.9
23.3 Linalool 0.6
23.5 trans-Sabinene hydrate 0.1
25.5 Camphor 11.6
26.4 Borneol 1.9
26.7 Terpinen-4-ol 0.7
27.2 a-Terpineol 0.8
27.7 Verbenone 1.1
30.5 Thymol 7.1
30.8 Carvacrol 0.2
35.7 trans-p-Caryophyllene 3.8
36.9 a-Humulene 0.3
15.8 Tricyclene 0.3
15.9 a-Thujene 0.6
16.3 «-Pinene 19.4
17.1 Camphene 7.6
17.2 Thuja-2,4(10)-diene 0.1
18.3 3-Pinene 4.0

3.2. Selection of NLC Preparation Method

The effect of the preparation method on the NLC properties was evaluated. Three
top-down NLC preparation methods (HHPH, USH, and HSH) were evaluated.

To conserve resources, experiments were conducted using REO as a representative
example. This decision was based on the premise that the relatively small size of monoter-
penes, compared to lipids, suggests a potentially similar behavior within the formulation.
REO-NLC were prepared using each method. For the REO-NLC, smaller particle sizes
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were obtained with the HSH and HHPH methods, while larger sizes were obtained with
the USH method. The particle sizes achieved by the HHPH method were the smallest
among the three methods, but their PDI values were the highest (see Table 4). Particle
size distributions of formulations produced by each method are shown in Figure 3. Zeta
potential was more negative for NLCs produced by USH than the other two, but the zeta
potential of NLCs produced by HSH was very close to —30 mV.

Table 4. Average particle size, polydispersity index and zeta potential of REO-NLC prepared by USH,
HSH, and HHPH.

Formulation Method Particle Size (nm) PDI Zeta Potential (mV)
REO-NLC USH 913.2 + 375 0.205 &+ 0.020 —438+1.1
REO-NLC HSH 505.1 + 8.2 0.163 &+ 0.027 —29.0 £ 0.6
REO-NLC HHPH 285.8 + 6.2 0.262 + 0.019 —24.8 £ 0.5

Size Distribution by Intensity

Intensity (Percent)

Size (d.nm)

‘_ Record 199: REO-NLC HHPH Record 200: REO-NLC USH

Record 201: REO-NLC HSH‘

Figure 3. Particle size distributions of REO-NLC HHPH (red line); REO-NLC USH (green line);
REO-NLC HSH (blue line).

Based on these results, it was decided to continue the preparation of the NLC using

the HSH method, as it produces NLCs with sizes within the desired range and suitable
zeta potential.

3.3. Factorial Design

A 23 factorial design with four replicates at the central point was conducted to investi-
gate the effect of each excipient and their interactions in the colloidal properties of NLC
dispersions. Experiments were conducted using REO as a representative example. Signifi-
cant variables were identified through analysis of variance (ANOVA) at a 95% confidence
level using R (R 4.1.3, R Core Team, 2022).

Table 5 shows that particle size ranged from 380 nm to 1432 nm. The minimum values
for average size and PDI, and the maximum values for zeta potential, were obtained under
the following conditions, 1% EO, 5% T80, and an LL:SL ratio of 25/75, resulting in a particle

size of 453.1 nm, a PDI of 0.180, and a zeta potential of —37.1 mV, corresponding to NLC7
formulation.
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Table 5. Average particle size, polydispersity index, and zeta potential of NLC formulations corre-
sponding to the points of the factorial design.

Formulation Particle Size (nm) PDI Zeta Potential (mV)
NLC1 644.7 + 4.7 0.198 + 0.036 —29.7 £ 0.7
NLC2 1432 £+ 106 0.203 = 0.103 —32.6 +0.3
NLC3 380.6 + 24.3 0.566 + 0.136 —55.1 +3.9
NLC4 1323 + 150 0.505 + 0.104 —30.8 £ 0.7
NLC5 555.2 + 3.0 0.111 = 0.066 —285+04
NLC6 980.9 + 34.7 0.707 + 0.031 —-2194+0.2
NLC7 453.1 £4.5 0.180 + 0.030 —37.14+0.7
NLC8 1075 £ 23.7 0.134 + 0.024 —-202+0.3
NLCO 697.8 +34.1 0.193 + 0.028 —-39.84+0.2
NLCO 590.6 £7.2 0.149 + 0.019 —-31.1+1.0
NLCO 783.1 £ 27.7 0.141 + 0.026 —46.1 £0.2
NLCO 897.5 +57.1 0.063 + 0.023 —41.14+05

The ANOVA of particle size revealed that the factors that significantly affected the
particle size of REO-NLC were %EO, %T80, LL/SL, and the interaction %EO-LL/SL. This
means that EO concentration, surfactant concentration, and LL/SL ratio had a linear effect
and %EO-LL/SL was the main interaction. EO concentration significantly affected particle
size (p < 0.0001). As the concentration of EO increased, the particle sizes tended to be
larger. Surfactant concentration had a significant effect (p < 0.05) on particle size due to
the reduction in surface tension. However, it is not the independent variable with the
greatest effect on size changes, as both minimum and maximum levels result in smaller
and larger particle sizes. The LL/SL ratio also had a significant effect (p < 0.001) on particle
size, resulting in smaller sizes due to the reduction in the viscosity of the oil phase, which
allowed the shear to be more effective in breaking the lipid mixture droplets (see Table S4).

At low EO concentration, the percentage of T80 significantly affected particle size
(p < 0.0001) (see Table S7). Increasing the concentration of T80 led to a decrease in particle
size due to reduction in interfacial tension between the two phases. However, at high EO
concentrations, increasing the surfactant concentration did not have a statistically signifi-
cant effect on particle size. Instead, at high EO concentrations the factor that significantly
affects particle size is LL/SL ratio (p < 0.001) (see Table S8).

Regarding PDI, the ANOVA results showed that the factors that significantly affected
PDI of REO-NLC were %EOQO, the interactions %EO-%T80, %EO-LL/SL, %T80-LL/SL, and
the triple interaction %EO-%T80-LL/SL (see Table S5). At a low EO concentration, the PDI
was affected by both the percentage of T80 (p < 0.01) and the LL/SL ratio (p < 0.001), as
well as the interaction between these two factors (p < 0.05) (see Table S9). Increasing the
surfactant concentration led to an increase in PDI. This is likely because excess surfactant
can lead to the formation of micelles and smaller particles, which contribute to the increase
in particle populations detected by the equipment. Additionally, an increase in surfactant
concentration leads to higher PDI due to the excess surfactants bound to the particle
surfaces [21,22].

The zeta potential ANOVA indicated that the factors that significantly affected zeta
potential of REO-NLC were %EO, %T80, LL/SL, and the interaction %EO-%T80 (see
Table S6). The higher the concentration of surfactant, the greater the absolute value of the
zeta potential. This could be due to hydration of the polyethylene oxide (PEO) chains of
T80. The water molecules would be accompanied by the ions in the system, contributing
to the observed zeta potential values. On the other hand, an increase in the LL/SL ratio
made the zeta potential less negative. It is important to note that carnauba wax contains 4%
free fatty acids [23], and increasing the amount of Miglyol in the lipid phase decreases the
proportion of free fatty acids on the particle surface, thus reducing the net negative charge
of the particle.

The surface response charts and contour plots for the experimental design at low EO
concentration and high EO concentration can be seen in Figure 4 The coefficients of the
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response surface model for the three response variables at low and high EO concentrations
are provided in the Supplementary Data.
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Figure 4. Surface response charts and contour plots of experimental design at EO low concentration:
(a) particle size, (b) polydispersity index, and (c) zeta potential; and at EO high concentration:
(d) particle size, (e) polydispersity index, and (f) zeta potential.

3.4. Determination of Morphology, Surface Characteristics, Internal Structure

Once the standard NLC formulation for both EOs was obtained, the morphology of
the NLCs was analyzed via SEM and TEM. For this analysis, mean sizes between 288 and
353 nm, PDI between 0.153 and 0.188, and zeta potentials between —33.8 and —34.5 mV
were obtained (see Table 6). The size distributions were narrow and monomodal (see
Figure 5), and the particle sizes followed a trend REO-NLC < TEO-NLC < FEO-NLC (see

Table 6).
Table 6. Average particle size, polydispersity index, and zeta potential of FEO-NLC, REO-NLC, and
TEO-NLC.
Sample Particle Size (nm) PDI Zeta Potential (mV)
FEO-NLC 3529 £1.2 0.153 £ 0.019 —343+07
TEO-NLC 3478 +£2.1 0.182 4+ 0.015 —33.8+04

REO-NLC 288.1 = 1.7 0.188 = 0.015 —345+04
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Figure 5. Particle size distributions of FEO-NLC (red line); TEO-NLC (green line); REO-NLC
(blue line).

As can be seen in Figure 6 the images display almost spherical NLCs and particles
sizes nearly to those ones obtained with DLS.

20kV  X1500

20kV  X80,000 0.2um

(©) (d)

Figure 6. TEM and SEM images: (a) TEO-NLC TEM micrography; (b) REO-NLC TEM micrography;
(c) TEO-NLC SEM micrography; (d) REO-NLC SEM micrography.
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3.5. Encapsulation Efficiency and Loading Capacity

The marker compounds were quantified as an approximation to the amount of encap-
sulated EOs. The chromatograms of the total EO in the formulation and unencapsulated
EO can also be seen (see Figures 53 and 54 in Supplementary Data).

As seen in Table 7, the encapsulation efficiency (%EE) and loading capacity (%LC)
of the TEO-NLC formulations for the marker thymol were 71.9% and 1.18%, respectively.
Similarly, the %EE and %LC of the REO-NLC formulations for the marker 1,8-cineole were
80.6% and 1.40%, respectively.

Table 7. EE (w/w, %) and LC (w/w,%) of the TEO-NLC and REO-NLC formulations.

Sample Marker Compound EE (%) LC (%)
TEO-NLC Thymol 719 £1.13 1.18 £0.21
REO-NLC 1,8-Cineole 80.6 £2.16 1.40 £ 0.43

3.6. DSC and TGA Analysis

To evaluate the thermal behavior and changes in the crystalline states of the NLCs,
DSC and TGA were carried out. The results for the melting peak temperatures, onset
and endset temperatures of melting as well as the enthalpies of melting, are presented in
Table 8.

Table 8. DSC calorimetric parameters of CW, CW + MIG physical mixture, and NLC formulations.

Melting
Sample . . Peak
Onset (°C) Endset (°C) (T Melt, °C) Enthalpy (J/g)
CwW 71.05 85.77 82.79 187.32
CW + MIG 69.34 83.74 80.83 114.10
FEO-NLC 63.79 83.71 79.04 102.08
TEO-NLC 63.40 81.44 78.06 102.87
REO-NLC 65.30 83.10 79.65 117.96

All natural waxes have a complex composition and therefore do not have clearly
defined melting points, as the classes of lipids contained have different melting ranges,
which can also affect each other [24]. The melting peak temperature of CW was 82.79 °C
with a melting enthalpy of 187.32 ] /g. These results are close to those reported by several
researchers due to the similarity of peaks [25,26]. However, these small differences are
due to the variability in the purity of the starting materials [25]. The DSC curve for the
melting of the CW-MIG physical mixture (Figure 7a, green line) shows the decrease in the
melting temperature (80.83 °C) and the melting enthalpy (114.10 J/g) compared to CW
DSC curve (Figure 7a, blue line). The DSC parameters for the FEO-NLCs shows that the
melting temperature was 79.04 °C, and the melting enthalpy was 102.08 J/g. Similarly, the
DSC parameters for TEO-NLCs and REO-NLCs show that the melting temperatures were
78.06 °C and 79.65, respectively, and the melting enthalpies were 102.87 ] /g and 117.96 ] /g,
respectively.
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Figure 7. DSC and TGA thermograms: (a) DSC curves: blue line for CW; green line for CW + MIG
physical mixture; orange line for FEO-NLGC; red line for TEO-NLC; pink line for REO-NLC; (b) TGA
curve for NLC formulation with a TEO:REO 50:50 mixture.

Finally, the TG analysis of the EO-NLC sample (see Figure 7b) shows a mass loss
between 56.15 and 199.49 °C, corresponding to 8.39% of the particle mass. This initial
loss of 1.752 mg is related to the evaporation of the EO mass that is part of the particles.
This result suggests that the system’s loading capacity percentage may be around 8.39%.
Between 199.49 °C and 427.20 °C, there is a mass loss of 17.57 mg, which is 84.1% of the
sample mass. In this temperature range, both evaporation, decomposition, and phase
transitions occur. Between 199.49 °C and 402 °C the triglycerides of capric and caprylic
acids decompose and evaporate, along with the lower molecular weight compounds
of the wax. Subsequently, the processes corresponding to the higher-molecular-weight
compounds of the wax take place. Lastly, there is a weight loss of 1.532 mg, corresponding
to 7.33% of the sample mass, which is likely related to the decomposition of Tween 80 and
the remaining wax components.

3.7. Direct Contact Toxicity Assay

In this study, the contact toxic effect of different concentrations of EO solutions and
EO-NLC suspensions on adults of M. persicae, T. urticae, and F. occidentalis was analyzed.

In Figure 8a, it can be observed that the treatments evaluated on M. persicae were
notably ineffective on aphids, and no significant differences (p = 0.1373) were found between
treatments. The highest mortality percentage (3.5%) was achieved with TEO at 1.5 mL/L.
Mortality with the TEO-NLC formulation increased as the concentration increased from
1.0mL/Lto1.5mL/L.

In Figure 8b, it is shown that the highest mortality percentage (25%) in T. urticae
was achieved with the FEO-NLC formulation at 1.5 mL/L. Additionally, no significant
differences (p = 0.1217) were observed between treatments, as seen in supplementary data.
The TEO-NLC formulation at 1.5 mL/L achieved a mortality rate close to 23%, while
the REO-NLC at 1.5 mL/L reached mortality rates of 17%. It was expected that there
would be a directly proportional relationship between the mortality rate and the increase
in the concentration of the formulations; however, it was not possible to establish a clear
relationship between the response variable and the concentrations of the formulations.
For the treatments TEO-NLC and FEO-NLC, the mortality rate at the concentration of
1.0 mL/L was always below that corresponding to the concentrations of 0.5 mL/L and
1.5mL/L. Only for the REO-NLC formulation and TEO was there an increased response
as the concentration increased from 0.5 to 1.5 mL/L. With TEO, a mortality rate of 14% was
achieved at 1.5 mL/L.
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Figure 8. Mortality percentage of solutions of EOs and suspensions of EO-NLC: FEO-NLC (pink
triangles), REO-NLC (green triangles), REO (red rectangles), TEO-NLC (blue rhombuses), and TEO

on (green octahedron) (a) M. persicae, (b) T. urticae, and (c) F. occidentalis.
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Regarding the test conducted on F. occidentalis, it can be observed in Figure 8c. that
treatments with different concentrations of TEO-NLC achieved mortality rates between
24% and 38%, the highest obtained in this test for all insects, and these had significant
differences (p < 0.0001) compared to other treatments.

4. Discussion

This study investigated the biopesticide potential of EO-NLC to address the need
for safer pest control alternatives. We focused on developing and characterizing NLCs
loaded with thyme and rosemary essential oils to improve these biopesticides” efficacy.
Recognizing the influence of plant chemotypes on bioactivity, our study focused on specific
chemotypes of thyme and rosemary for managing pests in ornamental flower production.

GC-MS analysis revealed that the essential oils extracted from thyme and rosemary,
identified as the thymol chemotype and a-pinene chemotype, respectively, correspond
to chemotypes with moderate to high biological activity reported against plant pests
and pathogens [27-32]. In Pavela et al.’s [28] study, the essential oil of Thymus vulgaris
demonstrated significant larvicidal and pupal mortality effects on the cotton leafworm
(Spodoptera littoralis). When applied at sublethal doses, it caused total mortality of over
70% during the larval and pupal stages, making it one of the most effective oils tested. The
primary bioactive compounds in TEO are thymol (68%) and carvacrol (12%), both phenolic
compounds known for their potent insecticidal properties. Chemotype thymol is favored
for its strong antibacterial properties, although its major compounds can be irritating.
Industries such as pharmaceuticals and food manufacturing prioritize chemotypes thymol
due to their desirable antimicrobial properties [33]. On the other hand, in the study by
Khani and coworkers [30], the essential oil of Rosmarinus officinalis exhibited significant
fumigant toxicity and repellent activity against the rice weevil (Sitophilus oryzae). The
primary components of the REO included o-pinene (23.52%), verbenone (11.87%), and
1,8-cineole (8.56%), which contributed to its insecticidal effects. The study found that the
LC50 (lethal concentration for 50% mortality) for REO was 115.63 uL/L of air, making
it moderately toxic compared to other essential oils tested. Moreover, REO displayed
strong repellent activity, with a 91% repellency rate at the highest concentration tested
(16 uL/30 cm?). In contrast, chemotype a-pinene may be preferred for its preservative
properties in the food industry [34,35]. The main components of both EO have also
demonstrated insecticidal and antimicrobial activity [36—41]. In our study, the extracted
EOs were then incorporated into NLCs.

The preparation methods employed were HHPH, HSH, and USH. The results showed
that HHPH was able to yield NLC with smaller particle sizes (285.8 nm), but it was the
method with the broader size distribution (PDI: 0.262), and the less negative zeta potential
(—24.8 mV). Moreover, it was a process that required a longer time preparation. Whereas
USH produced the NLCs with the larger particle size (913.2 nm), a PDI in the optimal range
(0.205), and the most negative zeta potential (—43 mV). In contrast, HSH was found to
produce NLCs with a narrower size distribution. The HSH method proved effective in
producing NLCs in the submicron range of 505 nm, with a PDI of 0.163 and zeta potential of
—29.0 mV, suggesting good physical stability. These findings are consistent with previous
studies reporting the efficiency of the HSH method for producing NLCs with controlled
particle size and good stability [42].

While previous studies utilizing the HSH method for NLC production had achieved
submicron particle sizes, polydispersity indices (>0.3) often indicated less than ideal sta-
bility [17,43,44]. In contrast, our study demonstrates that careful optimization of the HSH
method can yield NLCs with not only submicron particle sizes but also polydispersity
indices and zeta potentials, indicative of a highly stable system. Additionally, according
to several authors, increasing the lipid content by more than 10% usually leads to larger
particles, including microparticles, and broader particle size distributions [45,46]. However,
it is important to note that in our study, we used a 20% lipid content and achieved relatively
small sizes and narrow particle size distributions.
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The formulation and optimization of NLCs in this study were guided by a factorial de-
sign approach. This approach allowed for the systematic evaluation of critical formulation
parameters, including EO concentration, surfactant concentration, and the liquid-to-solid
lipid ratio. By employing a factorial design, we were able to identify significant interac-
tions between these variables and optimize key outcomes such as particle size, PDI, and
zeta potential.

The 23 factorial design results showed that EO concentration, surfactant concentration,
and liquid lipid/solid lipid ratio affected the colloidal properties of NLC formulation. The
three factors analyzed had significant effects (p < 0.05) on the three response variables,
except for the PDI, where the amount of surfactant and the LL/SL ratio did not have a
significant effect. However, their interactions did show effects.

It is crucial to consider the concentration of EO in the liquid lipid/solid lipid (LL/SL)
ratio. Higher EO concentrations resulted in larger particle sizes due to the reduced presence
of Miglyol as the liquid lipid. This effect was evident in formulation NLC2 and NLC4, where
the MIG/EQO ratio was 0/100, resulting in the largest particle sizes. Similarly, formulations
NLC6 and NLC8 with a MIG/EOQ ratio of 40/60 also showed relatively large particle sizes.
In contrast, the smallest particle sizes were achieved with MIG/EO ratios of 66.7/33.3 in
formulations NLC1 and NLC3, and 80/20 in formulations NLC5 and NLC7. Intermediate
sizes were observed at the central points (NLC0) with a MIG/EO ratio of 50/50. The
interaction between EO and LL/SL significantly impacted particle size, generally reducing
it. Thus, maintaining a MIG/EO ratio of 50/50 or higher is recommended to achieve
smaller particle sizes.

On the other hand, an increase in the LL/SL ratio has a negative effect on the PDI,
meaning it decreases, which is desirable for the stability of the formulations. PDI values
ranging from 0.1 to 0.25 suggest a relatively narrow size distribution, whereas a PDI
values exceeding 0.5 signifies a very wide distribution [47]. This decrease is likely due
to the reduction in the viscosity of the lipid phase, caused by an increase in liquid lipid
content [48]. This reduction in viscosity makes it easier to break the structure of the lipid
phase and form more homogeneous droplets. The interaction between LL/SL and %T80
also has a negative effect on the PDI, which aligns with the fact that decreasing the viscosity
of the lipid phase and facilitating droplet formation allows the surfactant to play its key
role in reducing interfacial tension, stabilizing the droplets, and covering the newly formed
surfaces [45].

Encapsulation efficiency (%EE) values were 71.9% for thymol in TEO-NLC and 80.6%
for 1,8-cineole in REO-NLC, demonstrating effective encapsulation of the EOs within the
lipid matrix. Loading capacity (%LC) was also notable, reaching 1.18% in TEO-NLC and
1.40% in REO-NLC. EE% values suggest that CW-MIGLYOL-based NLCs can effectively en-
capsulate TEO and REO. Chromatograms comparing EOs extracted from NLC formulation
to unencapsulated EOs support this. Figures S3 and 54 in the supplementary data present
the chromatograms of unencapsulated EOs and NLC-encapsulated EOs, confirming the
suitability of thymol and 1,8-cineole as indexed markers. These results are comparable to
those obtained by Zhao et al. [42], where NLCs efficiently encapsulated Houttuynia cordata
EO and yielded EE of 90.2%, 88.3%, and 76.6%, quantifying the content of 2-undecanone as
the indexed marker. Similar results were obtained by Nasseri et al. [49] and Baldim and
coworkers [50], with %EE for thymol of 84% and 90%, respectively. On the other hand, Shi
et al. [51] determined the encapsulation efficiency using two marker compounds, such as
-elemene and octyl acetate. Their results were 77.9% and 88.2%, respectively. However,
the loading capacity was much higher, with a value of 53.7%. Unfortunately, how it was
calculated is not discussed. The other results were those reported by Miranda et al. [52],
who obtained EE of 100% and LC of 1.40% of the total oil of Ridolfia segetum. The high
encapsulation efficiency and loading capacity observed in our formulations are attributed
to the incorporation of liquid lipids, which increase the imperfections in the lipid phase and
improve the retention of bioactive compounds, as described in the literature on imperfect
NLCs [47]. However, it is important to recognize that using a single compound as an
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indexed marker does not provide a comprehensive assessment of the EE% and LC% of
NLCs, as EOs consist of hundreds of components with varying molecular structures [42].

The morphology of NLCs reveals that the nanoparticles are spherical (Figure 6a,b) and
uniform (Figure 6b,c), with an average size of approximately 200 nm (Figure 6a,b), which
is slightly smaller than the size obtained through DLS measurements (around 350 nm)
(see Table 6), although the apparent size by DLS will always be slightly larger due to the
hydrodynamic radius, which is what the equipment ultimately detects and is not detected
by TEM or SEM because the particles are dry. The unimodal distributions in Figure 5
indicate that HSH method generates NLC formulations with a narrow size distribution.

Thermal analysis indicated that the melting point of CW was 82.79 °C, with onset
and endset temperatures at 71.05 °C and 85.77 °C, respectively. These findings are in
agreement with prior studies [25]. In the DSC thermogram for the melting of carnauba wax
(see Figure 7a, blue line), two solid—solid transitions can be observed: one at 56.71 °C and
another at 77.5 °C. The first transition occurs before the melting begins and the second when
it has already started, as highlighted by Basson and Reynhardt [53] and Reynhardt and
Riederer [54]. The first solid—solid transition has been related to specific types of disorder
in the orientation of the long hydrocarbon chains. The second solid-solid transition is due
to the transition of lipids from an orthorhombic phase to a hexagonal phase. All waxes
have an orthorhombic crystalline fraction at temperatures below the hexagonal phase
transition [54].

This phase transition of CW appears to be specifically related to the transition to the
hexagonal phase of aliphatic esters and diesters of 4-hydroxy and 4-methoxycinnamic
acids, as reported by Freitas and coworkers [55] in their work, in which they isolated these
compounds and performed the corresponding DSC and TG analysis. The DSC of the
purified diesters showed two peaks at temperatures lower than those of CW, specifically
at 66.88 °C and 73.51 °C, which are very similar in shape to the CW peaks but narrower
and more pronounced. According to Craig et al. [56], the sharpness and extent of the peak
indicate a higher crystallinity of the matrix.

The DSC thermogram for the melting of the CW-MIG physical mixture (see Figure 7a,
green line) shows the shift of the first solid-solid transition region to a temperature of
59.84 °C and its incorporation into the melting event. It also shows the integration of the
second solid—solid transition into the entire melting curve. The addition of MCT to the
CW caused the endothermic peaks to broaden and shift to lower temperatures, which
was expected due to the good affinity between the components of the mixture. The MCT
were adequately incorporated into the structure of the wax components, reducing their
crystallinity. These findings are in agreement with Severino et al. [57], who found that
the lipid mixtures exhibited a decrease in melting temperature, suggesting a higher level
of disorder within the lipid crystal. They point out that the concentration of liquid lipid
influences the reduction in onset temperature and melting peak. A less-structured matrix
promotes the formation of additional voids within its structure. Consequently, it can hold a
greater amount of active ingredients, reducing the likelihood of expulsion during storage
and also regulating the release [57].

The DSC thermogram of the TEO-NLC (see Figure 7a, red line) shows a distortion
at the end of the heating curve, occurring after the lipid phase has completed melting.
This finding is consistent with the results reported by Pires et al. [58], who studied NLC
formulations loaded with thymol. In their research, thymol was observed to melt at 50.9 °C,
and a strong interaction between Tween 80 and thymol caused the melting peak to shift
to higher temperatures. This shift was attributed to the multiple proton acceptors in the
molecular structure of Tween 80, which can form hydrogen bonds with the proton donor
group of thymol. Such interactions increase the intermolecular forces, delaying the phase
transition of the compound and raising its melting peak. Our results similarly suggest that
significant amounts of thymol interact with the PEO chains of Tween 80 on the nanoparticle
surface, preventing its immediate evaporation and contributing to the distortion observed in
the DSC thermogram. It has been observed that lipid nanoparticle formulations containing
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liquid lipids show a semicrystalline, less ordered, or amorphous structure compared to
bulk waxes. In this sense, the presence of a liquid lipid and EO in the formulation decreases
the crystallinity of the lipid phase, improving the encapsulation efficiency of the active
principles. In other words, the use of liquid lipids increases the number of imperfections,
which leads to a higher loading capacity and retention of bioactive compounds, likely
giving rise to the first known model of NLCs called the imperfect type [59].

The mortality percentage was measured to evaluate the contact toxicity potential of
crude and nanoencapsulated EOs of T. vulgaris and R. officinalis on M. persicae, T. urticae,
and F. occidentalis.

REO, TEO, and their NLC formulations were preliminarily assessed for their potential
insecticidal activity against thrips, aphids, and mites through contact application. Dose—
response tests were conducted using direct contact assays, evaluating mortality rates over a
48 h period. TEO-NLCs demonstrated moderate contact toxicity, resulting in 38% mortality
for F. occidentalis, with significant differences observed between treatments. This finding
is consistent with previous studies reporting increased efficacy of nanoencapsulated EOs.
For instance, Ibrahim et al. [60] found that garlic EO-SLN exhibited significantly higher
mortality against P. operculella larvae compared to the free oil across various concentrations
in laboratory conditions. Specifically, at concentrations of 0.625% and 1.25% of garlic
EO-SLN resulted in 36% and 48% larval mortality, respectively, compared to significantly
lower mortality rates observed for the free oil.

In the study conducted by Adel et al. [61], they investigated the efficacy of geranium
EO, both in its free form and nanoencapsulated within SLN, against A. ipsilon larvae. Two oil
concentrations (2.5% and 5.0%) were tested for both treatments, alongside a control group.
Their findings demonstrated that nanoencapsulation significantly enhanced the insecticidal
activity of geranium EO. Among the treatments, SLN loaded with 2.5% geranium EO
effectively controlled A. ipsilon larvae, resulting in a 48% larval mortality rate, while SLNs
loaded with 5.0% geranium EO exhibited the highest efficacy, causing a larval mortality
of 60%.

In our study, REO-NLCs, TEO-NLCs, and FEO-NLCs caused mild mortality rates
of 17%, 23%, and 25%, respectively, in T. urticae, although no significant differences were
noted between treatments. Conversely, the NLC formulations had no impact on M. persi-
cae mortality. The mortality observed with REO-NLC, TEO-NLC, and FEO-NLC can be
explained by the inherent characteristics of the nanoparticles, which include occlusive and
dehydrating effects. For example, Zayed et al. [62] demonstrated that silica nanoparticles
enhanced the acaricidal activity of abamectin against Tetranychus urticae. Nanoparticles,
due to their small size and high surface area, can form a film over the mite surface, leading
to reduced gas and moisture exchange by obstruction of the mite’s respiratory system.
However, based on the findings of Sioutas et al. [63], nanoparticles do not necessarily cause
mortality through dehydration. Their study on the acaricidal activity of silver nanoparticles
(AgNPs) against Dermanyssus gallinae, the poultry red mite, showed that dehydration was
not the primary mechanism of action. Instead, the AgNPs caused significant physical
damage to the mites’ exoskeleton by interacting with chitin, leading to cracks and fractures
in the cuticle structure.

On the other hand, the mortality rate observed with FEO-NLC aligns with the findings
of Tortorici et al. [64] for the aphid A. gossypii. Their biological tests revealed that the NLC
blank formulation led to significant mortality and reduced offspring in A. gossypii. They
suggest that the high mortality and decreased fertility in aphids might be attributed to
the surfactants in the NLC blank formulation, which have been shown to disrupt cellular
integrity and affect physiological processes in various insect species [65].

Similarly, in our study, TEO-NLC resulted in significantly higher F. occidentalis adult
mortality rates compared to their free oil counterpart. The improved insecticidal activity
can be attributed to the molecules of thymol interacting with the polyethylene oxide chains
of Tween 80, acting as a trigger. Additionally, it can be attributed to the penetration
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capacity of EOs when encapsulated in NLC, as they can remain on the surface of the insects
exoskeleton for a longer period and exert their toxic effect.

5. Conclusions

This study investigated the potential of thyme and rosemary EO-NLC as biopesticides
against ornamental flower pests. High shear homogenization proved effective in producing
NLCs with desirable physicochemical properties, including optimal particle size, particle
size distribution, and zeta potential. Thyme EO-NLCs exhibited moderate contact toxicity
against Frankliniella occidentalis and mild toxicity against Tetranychus urticae. Conversely,
rosemary EO-NLCs showed minimal efficacy against the tested pests. This difference in
insecticidal activity highlights the importance of EO chemical composition in biopesticide
efficacy. The high thymol content in thyme EO likely contributed to its enhanced toxicity.
These findings indicate that TEO-NLCs show potential as biopesticides for controlling
specific pests of ornamental flowers. However, further research is needed to optimize the
administration dosage, refine NLC formulations, evaluate their long-term efficacy and
stability, and assess any potential impact on non-target organisms.
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